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Abstract
Medical imaging has become indispensable for healthcare and is nowadays used on a daily basis
in clinical practice. Image information obtained during medical acquisition offers insight into
the human body, which is otherwise invisible to human eyes, and therefore enables an objective
interpretation of normal as well as pathological conditions of the human body, offers support
to clinicians towards correct diagnoses and courses of treatment, and facilitates monitoring the
development of diseases and treatment results. Although medical images acquired with state-
of-the-art techniques enable an accurate insight into the structure of the human body, organs and
tissues, clinicians are often hampered by the interpretation of the available image information.
Therefore, methods for computer-assisted quantitative analysis and evaluation of medical im-
ages can provide a considerable support towards their reliable and reproducible interpretation.
Chronic low back pain and musculoskeletal disorders are one of the main causes for visiting
a doctor and starting a treatment, however, despite continual development of technologies and
treatment procedures the current ways of treatment still do not provide satisfactory results.
Therefore, segmentation of the obtained image information is essential to guide clinicians to-
wards a proper treatment approach and course of a treatment, and, in the case of a surgical
approach, to help surgeons to preoperatively plan the intervention. Pedicle screw placement
surgery is currently the most widely used method in spine surgery for improving and, in the
ideal case, eliminating a variety of pathological conditions of the spine, such as adolescent
idiopathic scoliosis, kyphosis, degenerative disc disease and other instabilities of the spine. Ac-
curacy of pedicle screw placement is directly related to the surgical outcome and therefore is
of significant importance because a pedicle screw misplacement can lead to serious injuries.
Over the past decades, image-guided pedicle screw placement techniques increased the accur-
acy of pedicle screw placement, which consequently reduced postoperative complications and
1
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resulted in a better surgical outcome, in comparison to the conventional free-hand placement
technique. However, to take full advantage of image-guided techniques, preoperative pedicle
screw placement planning should be performed, which is usually done manually on a preoperat-
ive computed tomographic image of the treated patient. To overcome manual planning, several
computer-assisted methods have been proposed over the past decade, but do not address all
important parameters for pedicle screw placement and have not been yet evaluated against real
clinical data.
The main contributions of this thesis are united under the design, development and validation of
a computer-assisted method for preoperative pedicle screw placement planning based od para-
metric modeling of vertebral structures in three dimensions. The presented computer-assisted
method is shown to be a valuable tool to overcome the time-consuming preoperative pedicle
screw placement planning procedure. Moreover, the presented computer-assisted method ad-
dresses all important aspects that lead a spine surgeon towards a safe and reliable pedicle screw
placement and therefore brings computer-assisted planning closer to the requirements of clinical
practice.
Razsˇirjen povzetek
V danasˇnjem cˇasu je medicinsko slikanje nepogresˇljivo v klinicˇni praksi, saj pridobljena sli-
kovna informacija nudi vpogled v pacientov organizem, ki je s prostim ocˇesom sicer neviden.
Slikovna informacija, ki je pridobljena tekom medicinskega slikanja, omogocˇa objektivno inter-
pretacijo normalnih in bolezenskih stanj cˇlovesˇkega organizma, kar nudi podporo pri postavlja-
nju pravilne diagnoze in poteku zdravljena oz. olajsˇa spremljanje razvoja bolezni in rezultatov
zdravljenja. Pri invazivnih pristopih se uporablja predvsem za nacˇrtovanje samih posegov, kot
sta npr. operativni poseg in radioterapija, medtem ko se pri neinvazivnih pristopih uporablja
predvsem za postavljanje diagnoze in spremljanje poteka zdravljenja. Razvoj medicinskega
slikanja temelji na odkritju nemsˇkega fizika Wilhelma Conrada Ro¨ntgena iz leta 1895, ko je
med proucˇevanjem katodnih zˇarkov zajel na detektorju sˇe tedaj neznane zˇarke in jih posledicˇno
poimenoval zˇarki X (ang. X - rays). Nekaj tednov po odkritju je svetovni javnosti predstavil
prvo rentgensko sliko (ang. radiograph) dlani svoje zˇene, na kateri so razvidne posamezne ko-
sti ter prstan. To odkritje je vodilo do razvoja novih tehnik zajema medicinskih slik, kot sta
racˇunalnisˇko tomografska (ang. computed tomography - CT) in magnetno resonancˇna (ang. ma-
gnetic resonance - MR) slikovna tehnika. Obe slikovni tehniki nudita vpogled v cˇlovesˇki orga-
nizem skozi prereze, zaradi kakovosti informacije pa sta postali standard v klinicˇni praksi.
Glede na prostorsko dimenzijo delimo medicinske slikovne tehnike v osnovi na dvodimenzio-
nalne (2D) in tridimenzionalne (3D). Pri zajemu slike z 2D slikovno tehniko (npr. rentgensko
slikanje) je rezultat projekcijska slika pacientovega organizma (s prekrivanjem tkiv) v le eni
smeri, kar ne daje popolne prostorske informacije o pacientovem organizmu. Ta pomanjklji-
vost prostorske informacije je odpravljena pri 3D slikovnih tehnikah (npr. CT in MR), kjer se
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ohranjajo informacije o prostorskih odnosih med anatomskimi strukturami, kar nudi zanesljivo
informacijo o dolocˇeni anatomiji ali njeni funkciji. Dalje se slikovne tehnike delijo na:
• anatomske slikovne tehnike, ki vsebujejo informacijo o opazovani anatomiji (tj. zgradba
in struktura opazovane anatomije), kot so npr. rentgensko slikanje, CT, MR in ul-
trazvok (ang. ultrasound - US),
• funkcionalne slikovne tehnike, ki vsebujejo informacijo o funkciji opazovane anato-
mije, kot so npr. funkcionalna MR (ang. functional MR), pozitronska emisijska tomo-
grafija (ang. positron emission tomography - PET) in enofotonska izsevna CT (ang. single
photon emission CT).
S stalisˇcˇa vpliva slikovne tehnike na anatomijo pacienta med procesom zajema slike se slikovne
tehnike delijo sˇe na:
• invazivne (npr. rentgensko slikanje, CT in PET),
• neinvazivne (npr. MR in US).
Uporaba posamezne slikovne tehnike je pogojena predvsem z vprasˇanjema, katero informa-
cijo zˇelimo pridobiti ter koliksˇno je razmerje med pridobljeno informacijo in invazivnostjo sli-
kovne tehnike. Poleg tega pa so prisotni sˇe sˇtevilni drugi faktorji, kot so npr. kakovost, hitrost
in cena zajema slike ter same zahteve in omejitve posamezne slikovne tehnike. Uporabnost
3D slikovnih tehnik je omejena predvsem zaradi visoke cene in hitrosti zajema slike, zato se
pogosto uporabljajo z namenom postavljanja diagnoze, nacˇrtovanja kirursˇkih in radiolosˇkih
posegov ter spremljanja napredovanja bolezni, redkejsˇa pa je prisotnost teh slikovnih tehnik
med samim terapevtskim posegom. Nasprotno pa 2D slikovne tehnike nudijo zajem slike v
realnem cˇasu z obcˇutno nizˇjimi strosˇki in se prav tako uporabljajo za postavljanje diagnoze,
nacˇrtovanje kirursˇkih posegov ter tudi za sledenje kirursˇkih insˇtrumentov med samim kirursˇkim
posegom. Zaradi sˇirokega spektra uporabnosti in nizkih strosˇkov 2D slikovnih tehnik je njihova
prisotnost v klinicˇni praksi sˇe vedno visoka, vendar pa jih izpodrivajo 3D slikovne tehnike, ki
ohranjajo prostorsko informacijo med procesom zajemanja slike. Poleg omenjenega pa tezˇnja
po zmanjsˇevanju debeline slikovnih rezin in posledicˇno povecˇevanju sˇtevila slikovnih rezin,
zmanjsˇevanju cˇasa zajema slike ter vecˇji prisotnosti anatomskih znacˇilnic, ki so boljsˇe vidne
npr. na CT ali MR slikah, niso pa vidne npr. pri rentgenskem slikanju, vodi v vse vecˇjo uporabo
3D slikovnih tehnik v vsakdanji klinicˇni praksi (Fabijanska in Goclawski, 2015).
Zajemanje medicinskih slik s sodobno opremo, ki je na voljo, omogocˇa zelo natancˇen vpogled
v zgradbo cˇlovesˇkega telesa, organov in tkiv, smo pa po drugi strani omejeni z vrednotenjem
razpolozˇljive slikovne informacije. Kljucˇna tezˇava, ki omejuje analizo in vrednotenje medi-
cinskih slik, je razgradnja slikovne vsebine (ang. segmentation), saj le-ta predstavlja temeljno
aktivnost za zanesljivo in ponovljivo analizo ter vrednotenje. Proces razgradnje slikovne vse-
bine razdeli posamezne elemente slike v posamezna homogena podpodrocˇja, tako da imajo vsi
elementi znotraj podpodrocˇja dolocˇene skupne lastnosti (Smistad in dr., 2015). Matematicˇna
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definicija razgradnje slike izhaja iz domene slike, ki je dolocˇena kot funkcija slikovnih intenzi-
tet in je definirana kot delitev domene slike na podpodrocˇja. Razgradnja torej razdeli sliko na
posamezna podpodrocˇja glede na opazovalcˇeve potrebe oz. informacijo, ki jo zˇeli pridobiti, kar
pomeni, da morajo algoritmi za razgradnjo slike do neke mere simulirati procese v cˇlovesˇkih
mozˇganih (Korez, 2016). To pomeni, da je proces razgradnje psihofizicˇne narave in ga je po-
sledicˇno nemogocˇe v celoti analiticˇno temvecˇ kvecˇjemu hevristicˇno resˇiti. Dodatno pa otezˇuje
proces razgradnje medicinskih slik sˇe kompleksnost anatomskih struktur in njihova variabilnost,
ki je lahko bodisi biolosˇkega (npr. biolosˇka raznovrstnost med ljudmi) bodisi tehnicˇnega izvora
(npr. spreminjanje parametrov zajema slike pri posameznih slikovnih tehnikah in spremenljiva
lega pacienta med zajemom slike (Vrtovec in dr., 2009)). Vsi zgoraj nasˇteti dejavniki, ki omeju-
jejo avtomatske metode za razgradnjo slik, povecˇujejo uporabo rocˇnih in polavtomatskih metod.
Rocˇna razgradnja slike je cˇasovno zahtevno opravilo, pri cˇemer cˇas razgradnje strmo narasˇcˇa
z vecˇanjem sˇtevila struktur, ki jih je potrebno razgraditi. Pri polavtomatskih metodah razgra-
dnje slik izkusˇeni operater nadzoruje avtomatsko razgradnjo ter jo po potrebi interaktivno vodi
do zˇelene resˇitve. Ker pa se vecˇa uporabnost slikovnih tehnik v klinicˇni praksi in posledicˇno
zahteva po vecˇji natancˇnosti, predvsem pri nacˇrtovanju in vodenju kirursˇkih ter radiolosˇkih po-
segov, se povecˇuje potreba po hitrih, zanesljivih in cˇimbolj avtonomnih racˇunalnisˇko podprtih
postopkih razgradnje slik (Fabijanska in Goclawski, 2015).
Do sedaj je bilo predlaganih kar nekaj postopkov razgradnje medicinskih slik (Erdt in dr., 2012,
Fabijanska in Goclawski, 2015, Fu in Mui, 1981, Ghosh in dr., 2016, Haralick in Shapiro, 1985,
He in dr., 2008, Ibragimov in dr., 2017, Korez in dr., 2015b, Litjens in dr., 2017, Ma in dr.,
2010b, Mesejo in dr., 2016, Pal in Pal, 1993, Pham in dr., 2000, Sharma in Aggarwal, 2010,
Shi in dr., 2012, Smistad in dr., 2015, Sˇtern in dr., 2012, Suetens in dr., 1993), ki jih lahko v
splosˇnem delimo v dve skupini glede na vodilno informacijo razgradnje (Korez, 2016):
• postopki razgradnje, vodeni s slikovno informacijo, kot so npr. upragovljanje (ang. thre-
sholding), rast podrocˇij (ang. region growing) in razvodje (ang. watershed),
• postopki razgradnje, vodeni z modelom, kot so npr. deformabilni modeli (ang. deformable
models), aktivni modeli oblike (ang. active shape models) in aktivni modeli pojavnosti
(ang. active appearance models).
Postopki razgradnje, ki so vodeni s slikovno informacijo, temeljijo na sivinskih vrednostih slik
in njihovih znacˇilnicah, kot so npr. robovi, pri cˇemer se ne uposˇteva informacija o sami obliki
strukture, ki jo zˇelimo razgraditi. Ker pa so medicinske slike kompleksne narave in je poleg
tega prisotna sˇe biolosˇka variabilnost struktur ter lokalna nezanesljivost slikovne informacije
(npr. sˇum, nehomogenosti in artefakti), je ta pristop v veliki meri nezanesljiv. Postopke, vodene
s slikovno informacijo, zato dopolnjujejo postopki, vodeni z modelom, kjer se poleg slikovnih
intenzitet uposˇteva sˇe a priori znanje o strukturi (tj. velikost in oblika), ki jo zˇelimo razgraditi.
Pri teh postopkih se a priori model strukture med razgradnjo skladno prilagodi na obliko opazo-
vane strukture, pri cˇemer se zmanjsˇa lokalni vpliv slikovne informacije. Za ta pristop razgradnje
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je potrebno, poleg a priori modela strukture, poiskati sˇe nabor preslikav za prilagajanje modela,
mero skladnosti med modelom in opazovano strukturo ter optimizacijski postopek, ki privede
a priori model strukture do skladnosti z opazovano strukturo. V tej doktorski disertaciji smo
se osredotocˇili predvsem na razvoj postopka razgradnje slik, vodenega z modelom, za namene
nacˇrtovanja vstavitve pedikularnih vijakov in pridobivanja morfometricˇnih meritev o vretencˇnih
strukturah, kar predstavlja pomemben prispevek na podrocˇju racˇunalnisˇko oz. slikovno podprte
ortopedije in hrbtenicˇne kirurgije.
P.1 Deformabilni modeli
Matematicˇno so deformabilni modeli predstavljeni kot sotocˇje geometrije, fizike in teorije pri-
blizˇkov, pri cˇemer geometrija sluzˇi za prikaz oblike objekta, fizika omejuje spreminjanje oblike
v cˇasu in prostoru, teorija priblizˇkov pa sluzˇi kot mehanizem za prileganje modela na opazovano
strukturo. V domeni slike pa so deformabilni modeli predstavljeni kot modeli krivulj in ploskev,
ki se pod vplivom zunanjih in notranjih sil prilagodijo na opazovano strukturo (McInerney in
Terzopoulos, 1996, Terzopoulos in Fleischer, 1988, Terzopoulos in dr., 1988). Zunanje sile so
modelirane s kriterijem skladnosti, ki vodi model k obliki opazovane strukture, medtem ko so
notranje sile modelirane s kriterijem deformacije, ki omejuje deformacijo oz. zadrzˇuje glad-
kost izhodisˇcˇnega modela. Z zdruzˇitvijo obeh kriterijev pri razgradnji opazovane strukture in a
priori znanja o opazovani strukturi primerno zajamemo strukturo ter ohranjamo gladkost mo-
dela, kar daje metodi robustnost tudi v primerih prisotnosti sˇuma na sliki ter vrzeli v opazovani
strukturi (Sonka in Fitzpatrick, 2000).
Deformabilni modeli se v splosˇnem delijo na parametricˇne (ang. parametric deformable mo-
dels) ter geometrijske (ang. geometric deformable models). Parametricˇni deformabilni modeli
so modeli krivulj in ploskev, ki so podani eksplicitno (Amini in dr., 1990, Chen in Metaxas,
2000, Kass in dr., 1988, McInerney in Terzopoulos, 1996). Njihova parametricˇna oblika nudi
enostavno spreminjanje konfiguracije modela. Ker pa so odvisni od topologije opazovane struk-
ture, je potrebno za razgradnjo vecˇ razlicˇnih struktur tudi vecˇ razlicˇnih modelov, ta lastnost
pa vodi v veliki meri do hitre konvergence k iskani resˇitvi. Nasprotno so geometrijski defor-
mabilni modeli podani na impliciten nacˇin kot vrednosti obravnavane skalarne funkcije (Mal-
ladi in dr., 1995, Mumford in Shah, 1989, Paragios in Deriche, 2002, Whitaker, 1994) in so za
razliko od parametricˇnih deformabilnih modelov neodvisni od topologije opazovane strukture,
kar omogocˇa razgradnjo vecˇ razlicˇnih struktur z istim modelom.
P.2 Razgradnja hrbtenicˇnih struktur v medicinskih slikah
Hrbtenica je najbolj zapleten in pomemben del cˇlovesˇkega okostja, njena primarna naloga pa
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je prenos aksialnih obremenitev, ki so posledica lastne tezˇe telesa. Razteza se med lobanjskim
dnom in medenico, povezuje glavo in ude, obenem pa varuje in obdaja hrbtenjacˇo ter iz nje iz-
hajajocˇe zˇivcˇne korenine. Zaradi narave funkcij, ki jih hrbtenica opravlja (prenasˇanje razlicˇnih
zunanjih tlacˇnih in nateznih obremenitev), je njena struktura zelo kompleksna. Sestavljena je
iz 34 vretenc, ki se delijo na pet predelov, in sicer na vratni (7 vretenc), prsni (12 vretenc),
ledveni (5 vretenc), krizˇnicˇni (5 vretenc) in trticˇni (do 5 vretenc). Zgornji del hrbtenice (sku-
pno 24 vretenc) predstavljajo prvi trije predeli, kjer so vretenca med seboj povezana z mocˇnimi
vezmi, medvretencˇnimi plosˇcˇicami in sklepi, za stabilnost pa skrbijo misˇice neposredno ob hrb-
tenici. Preostala dva predela pa predstavljata spodnji del hrbtenice, kjer so vretenca medsebojno
zrasˇcˇena (Cramer in Darby, 2013.)
Glavni vzroki za obisk zdravnika ter povod za zacˇetek zdravljenja hrbtenice so razlicˇne
posˇkodbe in degenerativne bolezni. Kljub nenehnemu razvoju tehnologij in postopkov zdravlje-
nja trenutni nacˇini zdravljenja sˇe niso povsem zadovoljivi (Hedlund in dr., 2015, Slipman in dr.,
2007, Toyone in dr., 2005, Yee in dr., 2008). Posˇkodbe in degeneracija hrbtenice se zdravijo
bodisi s konzervativnim bodisi z operativnim pristopom, pri cˇemer se kirurgi v vecˇini primerov
najprej posluzˇujejo konzervativnega pristopa, cˇe pa zdravljenje ni ucˇinkovito, se nadaljuje zdra-
vljenje z operativnim pristopom. Za izbiro pravilnega pristopa je potreben temeljit pogovor s
pacientom ter podrobna analiza anatomije pacienta, dobljena s CT ali MR slikovno tehniko. Pri
CT tehniki so dobro vidne hrbtenicˇne kosti, medtem ko so pri MR tehniki dobro vidna mehka
tkiva, kot so npr. medvretencˇne plosˇcˇice, hrbtenjacˇa in iz nje izhajajocˇe zˇivcˇne korenine (Van
Goethem in dr., 2007). Za izbiro ustreznega pristopa in poteka zdravljenja je torej razgra-
dnja medicinskih slik kljucˇnega pomena, sˇe posebej pri operativnem pristopu, kjer je potrebno
nacˇrtovanje operativnega posega.
P.3 Nacˇrtovanje vstavljanja pedikularnih vijakov
Vstavitev pedikularnih vijakov je metoda, ki je trenutno najbolj razsˇirjena v hrbtenicˇni kirurgiji
za namene izboljsˇanja in v idealnem primeru tudi odprave bolezenskih in travmatolosˇkih defor-
macijskih stanj hrbtenice, kot so npr. skolioza, kifoza, degenerativna sprememba medvretencˇne
plosˇcˇice itn. (Helm in dr., 2015, Kim in dr., 2017, Kong in dr., 2017, Tian in dr., 2016). Pri
tej metodi hrbtenicˇni kirurgi najprej vstavijo pedikularne vijake skozi ustrezne pedikle v pripa-
dajocˇa telesa vretenc in jih nato medsebojno povezˇejo s povezovalnimi palicami ter s tem za-
gotovijo togo povezavo med sosednjimi vretenci, kar zagotavlja trdnost in stabilnost celotnega
sistema (tj. pedikularni vijak, povezovalna palica, vretence) (Merc, 2014). Ker so vretenca v
blizˇini zˇivcˇevja in organov, poleg tega pa je pedikel najmanjsˇi del vretenca, je potrebno posebno
pozornost usmeriti v natancˇnost vstavitve pedikularnih vijakov. Vsaka napacˇna vstavitev vijaka
lahko vodi do preboja pedikla oz. telesa vretenca ter s tem do resnih in trajnih posˇkodb zˇivcˇevja
in organov. Natancˇnost vstavitve pedikularnih vijakov je pomembna predvsem v prsnem pre-
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delu hrbtenice, kjer so pedikli bistveno manjsˇi kot v ledvenem predelu (Helm in dr., 2015), sˇe
posebej v primeru adolescente idiopatske skolioze, kjer so pedikli sˇe znatno ozˇji ter imajo vi-
soko variabilnost morfometricˇnih znacˇilnic (Davis in dr., 2017, Gao in dr., 2017a). Tezˇnja po
vecˇanju natancˇnosti vstavitve pedikularnih vijakov je vodila do razvoja sˇtevilnih medoperativ-
nih slikovno vodenih navigacijskih tehnik (Helm in dr., 2015, Kim in dr., 2017, Kong in dr.,
2017, Tian in dr., 2016), ki bodisi vizualizirajo bodisi vodijo vstavitev pedikularnih vijakov. V
zadnjem desetletju je bilo izvedenih veliko raziskav v zvezi z natancˇnostjo vstavitve pedikular-
nih vijakov (Balling in Blattert, 2017, Du in dr., 2017, Fichtner in dr., 2017, Gao in dr., 2017b,
Kwan in dr., 2017, Tian in dr., 2016), kjer so avtorji razpravljali o razlicˇnih pristopih vstavljanja
teh vijakov (tj. prostorocˇna in slikovno vodena tehnika vstavljanja) ter o rezultatih operacije
(tj. natancˇnost vstavitve pedikularnih vijakov). Ugotovili so, da je pri obeh pristopih natancˇnost
vstavitve pedikularnih vijakov odvisna od izkusˇenosti hrbtenicˇnega kirurga ter da oba pristopa
zahtevata strmo krivuljo ucˇenja od manj izkusˇenega hrbtenicˇnega kirurga (Helm in dr., 2015,
Kong in dr., 2017, Manbachi in dr., 2014, Ryang in dr., 2015). Avtorji so v nedavnih razi-
skavah (Fichtner in dr., 2017, Gao in dr., 2017a) prisˇli tudi do dognanja, da so imeli pacienti,
operirani s slikovno vodenim pristopom vstavljanja pedikularnih vijakov, statisticˇno znacˇilno
manj revizijskih operacij kot pacienti operirani s prostorocˇnim pristopom, kar potrjuje tezo o
potrebni vecˇji natancˇnosti vstavitve pedikularnih vijakov. Kljub temu, da je slikovno vodeno
vstavljanje pedikularnih vijakov povecˇalo natancˇnost vstavitve le-teh ter zmanjsˇalo izpostavlje-
nost radiaciji med operativnim posegom, je po drugi strani povecˇalo operativni cˇas, vendar pa
lahko hrbtenicˇni kirurgi v primeru posluzˇevanja robotsko podprtega slikovno vodenega vsta-
vljanja pedikularnih vijakov izvajajo ponovljive gibe ter drzˇijo orodje dlje cˇasa z natancˇnostjo
in tocˇnostjo, ki ni omejena s cˇlovesˇkim faktorjem (Gao in dr., 2017b). Natancˇnost vstavitve
pedikularnih vijakov je sˇe dodatno otezˇena, ker ima anatomija pediklov visoko morfolosˇko
variabilnost, poleg tega pa so tu prisotne sˇe komplekse anatomske strukture, ki obdajajo hrb-
tenico (Gao in dr., 2017b). Znanje o varnosti vstavitve pedikularnih vijakov je torej kljucˇnega
pomena za zadovoljiv rezultat operacije (Kwan in dr., 2017).
V zadnjem desetletju se je uporaba medoperativnih navigacijskih tehnik v klinicˇni praksi
mocˇno razsˇirila ter spodbudila hrbtenicˇne kirurge k predoperativnem nacˇrtovanju vstavitve
pedikularnih vijakov. Hrbtenicˇni kirurgi pri predoperativnem nacˇrtovanju vstavitve teh vija-
kov preucˇujejo detajle anatomije hrbtenice obravnavanega pacienta (ponavadi v 3D CT sli-
kah) z namenom, da dolocˇijo premer pedikularnega vijaka, kjer izmerijo najmanjsˇo sˇirino in
visˇino pedikla v vecˇravninskih prerezih slike ter dolzˇino in vstavitveno trajektorijo pedikular-
nega vijaka, pri cˇemer analizirajo anatomijo pedikla ter pripadajocˇega telesa vretenca. Rocˇno
nacˇrtovanje vstavitve pedikularnih vijakov je zamudno opravilo, poleg tega pa je prakticˇno ne-
mogocˇe uposˇtevati vse parametre, ki so pomembni za vstavitev vijakov (npr. pritrdilna mocˇ),
zato je bilo predlaganih kar nekaj racˇunalnisˇko podprtih metod (Daemi in dr., 2015, Goer-
res in dr., 2017, Knez in dr., 2016b, Lee in dr., 2012b, Solitro in Amirouche, 2016, Wicker
in Tedla, 2004). Prva racˇunalnisˇko podprta metoda, ki je bila predlagana v delu Wicker in
Telda (2004), v celoti temelji na geometriji vretenca, kjer je vstavitvena trajektorija pediku-
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larnega vijaka dobljena s poravnavo prostorske premice na sredisˇcˇne tocˇke minimalnih sˇirin
pedikla skozi precˇne prereze, medtem ko je premer pedikularnega vijaka dolocˇen z minimalno
sˇirino pedikla. V delu Lee in dr. (2012b) so avtorji obogatili geometrijski pristop z vpeljavo
varnostnega odmika pedikularnega vijaka od zunanjih sten pedikla. Dolocˇili so vse potencialne
vstavitvene trajektorije vijaka s pripadajocˇo oceno varnostnega odmika, optimalna vstavitvena
trajektorija pa je bila nato izbrana kot vstavitvena trajektorija z najvecˇjo penetracijsko globino
vijaka v pripadajocˇe vretence. V nadaljevanju so avtorji v delu Daemi in dr. (2015) dopolnili
geometrijski pristop z anatomskih pristopom. Vpeljali so parameter pritrdilne mocˇi vijaka, ki
so ga izracˇunali kot linearno kombinacijo penetracije pedikularnega vijaka v vretence ter dveh
konstant, ki sta odvisni od mehanskih lastnosti vijaka ter kostne mineralne gostote. V nadalje-
vanju sta avtorja v delu Solitro in Amirouch (2016) predlagala racˇunalnisˇko podprto metodo,
ki implicitno uposˇteva pritrdilno mocˇ, in sicer z vpeljavo povprecˇnega delezˇa volumna navoja
vijaka, ki je v neposrednem kontaktu s kortikalno kostjo. Optimalna vstavitvena trajektorija pe-
dikularnega vijaka je dolocˇena z optimalno kombinacijo penetracije vijaka v vretence, vstopne
tocˇke vijaka ter povprecˇnega delezˇa volumna navoja vijaka, ki je v neposrednem kontaktu s kor-
tikalno kostjo, pri cˇemer parametri izhajajo iz zacˇetnega rocˇnega nacˇrta vstavitve pedikularnega
vijaka. V nedavnem delu Goerres in dr. (2017) so avtorji vstavitvene trajektorije pedikularnih
vijakov dolocˇili iz referencˇnih predhodno rocˇno nacˇrtovanih vstavitvah pedukularnih vijakov, ki
so jih dolocˇili hrbtenicˇni kirurgi, in sicer s pristopom poravnave anatomskega atlasa. V zadnjem
desetletju so bile predlagane racˇunalnisˇko podprte metode zaporedoma obogatene od zacˇetnega
geometrijskega pristopa do anatomskega pristopa, vendar pa hrbtenicˇni kirurgi v klinicˇni praksi
izhajajo tako iz geometrijskega pristopa, ki sluzˇi za dolocˇitev velikosti pedikularnega vijaka,
kot tudi anatomskega pristopa, ki sluzˇi za dolocˇitev vstavitvene trajektorije pedikularnega vi-
jaka; tj. vstavitvena trajektorija vijaka z najvisˇjo mozˇno izvlecˇno silo (Bianco in dr., 2014,
Chapman in dr., 1996). Hrbtenicˇni kirurgi se posluzˇujejo sˇe dodatnih klinicˇnih vidikov, in sicer
da vstopne tocˇke pedikularnih vijakov sledijo hrbtenicˇni krivulji (Qi in dr., 2014) ter da vsta-
vitvene trajektorije teh vijakov sledijo t. i. vstavitveni tehniki naravnost-naprej (Lehman in dr.,
2003). Glede na omenjene klinicˇne vidike, sˇe posebej klinicˇni vidik pri katerem naj vstopne
tocˇke pedikularnih vijakov sledijo hrbtenicˇni krivulji, je potreba, da se nacˇrtovanje vstavitve vi-
jakov izvaja globalno, kar pomeni, da se pri nacˇrtovanju vstavitve pedikularnih vijakov uposˇteva
vsa vretenca, v katera se bodo vstavili vijaki, in ne le pripadajocˇe vretence obravnavanega pe-
dikularnega vijaka. Poleg tega so bile predlagane metode racˇunalnisˇko podprtega nacˇrtovanja
vstavitve pedikularnih vijakov ovrednotene v primerjavi z rocˇnimi nacˇrti vstavitev. Cˇe zˇelimo
pokazati klinicˇno uporabnost racˇunalnisˇko podprtega nacˇrtovanja, je potrebno ovrednotiti pre-
dlagane nacˇrte z realnimi klinicˇnimi podatki, tj. s pooperativnimi rekonstrukcijami dejansko
vstavljenih vijakov.
Pri vseh avtomatskih metodah za nacˇrtovanje vstavitve pedikularnih vijakov je temeljni korak
razgradnja vretencˇnih struktur. Predlaganih je bilo kar nekaj postopkov razgradnje in analize
teh struktur v CT slikah hrbtenice (Aslan in dr., 2009, Ibragimov in dr., 2014, 2017, Kado-
ury in dr., 2011, 2013, Kelm in dr., 2013, Kim in Kim, 2009, Klinder in dr., 2009, Korez in dr.,
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2015b, Lee in dr., 2012b, Leventon in dr., 2000, Lim in dr., 2013, Litjens in dr., 2017, Ma
in Lu, 2013, Pereanez in dr., 2015, Sˇtern in dr., 2011, 2012, Vrtovec in dr., 2005, 2008ab,
Weese in dr., 2001), kjer se najprej v vecˇini primerov dolocˇi polozˇaj vretenca, nato pa sledi raz-
gradnja. Zacˇetni polozˇaj vretenca se lahko dolocˇi rocˇno, polavtomatsko ali avtomatsko (Gloc-
ker in dr., 2012, 2013, Klinder in dr., 2009, Yang in dr., 2017) in sluzˇi kot izhodisˇcˇe za iniciali-
zacijo razgradnje vretenca, ki nato poteka avtomatsko in je vodena bodisi s slikovno informacijo
bodisi z modelom. Pomembni korak pri nacˇrtovanju vstavitve pedikularnih vijakov kot tudi za
3D analizo vretencˇnih struktur je dolocˇitev morfolosˇkih parametrov vretencˇnih struktur, ki so
v danasˇnjem cˇasu sˇe vedno v vecˇini primerov dolocˇeni rocˇno bodisi z virtualnimi 3D orodji
na CT slikah (Chen in dr., 2009, Gstoettner in dr., 2011, Kretzer in dr., 2010, Li in dr., 2004,
Liau in dr., 2006, Liljenqvist in dr., 2000, Mitra in dr., 2002, O’Brien in dr., 2000, Peters in dr.,
2015, Takeshita in dr., 2009, Zhuang in dr., 2011, 2012) bodisi s fizicˇnim merjenjem kadavrov
s kljunastim merilom (Lien in dr., 2007, Morales-Avalos in dr., 2014, Panjabi in dr., 1991, Pa-
rent in dr., 2004, Ugur in dr., 2001, Yu in dr., 2014, 2015a, 2015b). Morfolosˇki parametri,
dolocˇeni s fizicˇnim merjenjem kadavrov, ne predstavljajo uporabne informacije za predopera-
tivno nacˇrtovanje vstavitve pedikularnih vijakov, medtem ko morfolosˇki parametri, dolocˇeni z
virtualnimi orodji, lahko predstavljajo uporabno informacijo. Raziskave so pokazale, da imajo
vretenca variirajo v poziciji in orientaciji, sˇe posebej v primeru bolezenskih stanj hrbtenice, kar
pomeni, da tudi v primeru posluzˇevanja virtualnih orodij morfolosˇki parametri niso enolicˇno in
natancˇno dobljeni (Simpson in dr., 2016). Kljub mnozˇici predlaganih metod so pri nacˇrtovanju
vstavitve pedikularnih vijakov sˇe vedno prisotne vrzeli, sˇe posebej ob uposˇtevanju geometrij-
skih kot tudi anatomskih lastnosti ter sˇe dodatno nekaterih klinicˇnih vidikov, kar pomeni, da
ostaja racˇunalnisˇko podprto avtomatsko nacˇrtovanje in vrednotenje vstavitve pedikularnih vija-
kov v CT slikah velik izziv na podrocˇju obdelave medicinskih slik, ki zajema tako razgradnjo
in analizo vretencˇnih struktur kot tudi samo nacˇrtovanje in vrednotenje.
P.4 Motivacija
V zadnjem desetletju je slikovno vodeno vstavljanje pedikularnih vijakov izboljsˇalo natancˇnost
vstavitve vijakov, kar se odrazˇa v zmanjsˇanju sˇtevila pooperativnih komplikacij in izboljsˇanju
rezultata operacij v primerjavi s konvencionalno prostorocˇno tehniko vstavljanja pedikular-
nih vijakov. Vendar pa je smiselno pri posluzˇevanju slikovno vodenih tehnik preodperativno
nacˇrtovati vstavitve pedikularnih vijakov, ki pa je obicˇajno izvedeno rocˇno na predoperativni
CT sliki obravnavanega pacienta. V izogib rocˇnemu nacˇrtovanju, je bilo predlaganih kar nekaj
racˇunalnisˇko podprtih metod nacˇrtovanja vstavitve pedikularnih vijakov, ki v celoti ne zaje-
majo vseh pomembnih parametrov vstavitve pedikularnih vijakov, poleg tega pa sˇe niso bile
ovrednotene z dejanskimi klinicˇnimi podatki. Zato je bila motivacija te doktorske disertacije,
razvoj racˇunalnisˇko podprte metode, ki bo odpravila pomanjkljivosti zˇe predlaganih metod ter
bo priblizˇala racˇunalnisˇko podprto nacˇrtovanje zahtevam klinicˇne prakse.
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P.5 Izvirni prispevki k znanosti
Izvirni prispevki te doktorske disertacije zdruzˇujejo nacˇrtovanje, razvoj in vrednotenje metode
za racˇunalnisˇko podprto nacˇrtovanje vstavitve pedikularnih vijakov, ki temelji na parametricˇnem
modeliranju hrbtenicˇnih struktur. Predlagana racˇunalnisˇka metoda je pokazala, da je zanesljivo
orodje, ki lahko nadomesti rocˇno nacˇrtovanje vstavitve pedikularnih vijakov. Poleg omenje-
nega predlagana racˇunalnisˇko podprta metoda uposˇteva pomembne klinicˇne vidike, ki vodijo
hrbtenicˇnega kirurga k varni in zanesljivi vstavitvi pedikularnih vijakov, kot so morfometrija
pedikla, pritrdilna mocˇ pedikularnega vijaka, vstavitvena tehnika in sledenje hrbtenicˇni krivulji,
v primerjavi z obstojecˇimi metodami, ki v celoti ne zadostujejo omenjenim zahtevam klinicˇne
prakse.
P.5.1 Razvoj postopka za razgradnjo pediklov v 3D CT slikah hrbtenice
POGLAVJE 2: Racˇunalnisˇko podprto nacˇrtovanje velikosti in vstavitvene trajektorije vijakov
za operacijo vstavitve pedikularnih vijakov
V doktorski disertaciji smo predlagali postopek za razgradnjo levega in desnega pedikla vre-
tencˇnega telesa na podlagi ucˇinkovitega modeliranja pediklov s superkvadriki. Za modeliranje
3D oblike pedikla smo inicializirali superkvadrik kot elipticˇni valj ter ga nato deformirali z vpe-
ljevanjem transformacij, s katerimi smo opisali bolj podrobno obliko pedikla (tj. odmik notranje
oblike pedikla, konkavnost na zgornjem, spodnjem, levem in desnem delu pedikla, konkavnost
prereza pedikla v smeri navzgor-navzdol in levo-desno ter deformacija prereza pedikla v obliki
solze). Obliko pedikla smo tako modelirali z 32 klinicˇno pomembnimi parametri, polozˇaj pe-
dikla pa s sˇestimi parametri toge transformacije. Predlagani 3D model je sposoben opisati tako
normalne kot bolezenske deformacije pediklov, ki se neposredno odrazˇajo v spremembi oblike
pedikla. Poravnava 3D modela na 3D sliko in s tem razgradnja pedikla poteka z optimizacijo
mere podobnosti med 3D modelom in 3D sliko. Postopek razgradnje je bil preizkusˇen na 3D
CT slikah prsnega predela hrbtenice.
P.5.2 Razvoj postopka za nacˇrtovanje velikosti in trajektorije pedikular-
nih vijakov v 3D CT slikah hrbtenice
POGLAVJE 2: Racˇunalnisˇko podprto nacˇrtovanje velikosti in vstavitvene trajektorije vijakov
za operacijo vstavitve pedikularnih vijakov
POGLAVJE 4: Racˇunalnisˇko podprto nacˇrtovanje vstavitve pedikularnih vijakov: proti
klinicˇni praksi
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V doktorski disertaciji smo predlagali postopek za nacˇrtovanje velikosti in trajektorije pediku-
larnih vijakov, ki uposˇteva tako geometrijske kot tudi anatomske lastnosti vretencˇnih struktur.
Pedikularni vijak je modeliran s superkvadrikom v obliki cilindricˇnega valja, ki je dolocˇen
z dvema parametroma oblike (tj. premer in dolzˇina), medtem ko je trajektorija dolocˇena s
presecˇisˇcˇno tocˇko pedikla ter naklonoma v stranski in precˇni ravnini. Zacˇetna velikost pedi-
kularnega vijaka je dolocˇena iz pripadajocˇega 3D modela pedikla in vretencˇnega telesa, ki sta
dobljena iz prvega izvirnega prispevka. Koncˇna velikost in trajektorija pedikularnega vijaka
je nato dolocˇena z optimizacijo pritrdilne mocˇi. Postopek nacˇrtovanja velikosti in trajektorije
pedikularnih vijakov je bil preizkusˇen na 3D CT slikah prsnega predela hrbtenice. Predla-
gano racˇunalnisˇko podprto metodo smo dodatno obogatili z uposˇtevanjem nekaterih pomemb-
nih klinicˇnih vidikov, in sicer da:
• vstopne tocˇke pedikularnih vijakov sledijo hrbtenicˇni krivulji,
• vstavitvene trajektorije vijakov sledijo t. i. vstavitveni tehniki naravnost-naprej.
S tem smo priblizˇali racˇunalnisˇko podprto nacˇrtovanje realnim zahtevam klinicˇne prakse. Z
uposˇtevanjem prvega klinicˇnega vidika, kjer morajo vstopne tocˇke pedikularnih vijakov slediti
hrbtenicˇni krivulji, se predlagana racˇunalnisˇko podprta metoda izvaja globalno, kar pomeni, da
se pri nacˇrtovanju uposˇtevajo vsa vretenca, v katere se bodo vstavili vijaki, in ne le pripadajocˇe
vretence obravnavanega pedikularnega vijaka.
P.5.3 Razvoj postopka za 3D morfometricˇno analizo pediklov
POGLAVJE 3: Avtomatska dolocˇitev morfometrije pediklov v predelu prsne hrbtenice
POGLAVJE 5: Racˇunalnisˇko podprta morfometrija pediklov v racˇunalnisˇko tomografskih sli-
kah prsne hrbtenice
V doktorski disertaciji smo predlagali postopek za morfometricˇno analizo pediklov. Metoda
izhaja iz 3D modelov pedikla in vretencˇnega telesa, dobljenih iz prvega izvirnega prispevka.
Za morfometricˇno analizo pediklov smo predlagali pediklu lastni koordinatni sistem relativno
glede na lastni koordinatni sistem pripadajocˇega vretencˇnega telesa. Koordinatna sistema vre-
tencˇnega telesa in pedikla smo dobili z opazovanjem simetrije posamezne vretencˇne strukture v
smeri levo-desno in navzgor-navzdol znotraj opazovanega obmocˇja, ki zajema pripadajocˇi 3D
model. Dobljeni morfometricˇni parametri pedikla tako sluzˇijo za dolocˇitev zacˇetne velikosti
in trajektorije pedikularnih vijakov kot tudi za 3D morfometricˇno analizo pediklov. Postopek
morfometricˇne analize pediklov je bil preizkusˇen na 3D CT slikah prsnega predela hrbtenice.
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P.5.4 Kvantitavna analiza rocˇno in avtomatsko pridobljenih nacˇrtov vsta-
vitve pedikularnih vijakov
POGLAVJE 6: Analiza variabilnosti rocˇnega in racˇunalnisˇko podprtega predoperativnega
nacˇrtovanja vstavitve prsnih pedikularnih vijakov
POGLAVJE 7: Racˇunalnisˇko podprto nacˇrtovanje vstavitvene trajektorije pedikularnih vijakov
z optimizacijo kostne mineralne gostote: primerjava s pooperativnimi rezultati
V doktorski disertaciji smo izvedli kvantitativno analizo rocˇno in avtomatsko pridobljenih
nacˇrtov vstavitve pedikularnih vijakov. Izkusˇena hrbtenicˇna kirurga sta neodvisno nacˇrtovala
vstavitve vijakov v predoperativnih 3D CT slikah pacientov, ki so bili napoteni na operativni
poseg vstavitve pedikularnih vijakov. Za vsako rocˇno nacˇrtovano vstavitev pedkularnega vi-
jaka smo s predlagano metodo iz drugega izvirnega prispevka avtomatsko nacˇrtovali vstavitev
pedikularnega vijaka ter izvedli naslednje analize:
• variabilnost nacˇrtovanja vstavitve pedikularnih vijakov za posameznega kirurga,
• variabilnost nacˇrtovanja vstavitve pedikularnih vijakov med obema kirurgoma,
• variabilnost rocˇnega in avtomatskega nacˇrtovanja vstavitve pedikularnih vijakov.
S to analizo smo ugotovili, da je variabilnost nacˇrtovanja vstavitve pedikularnih vijakov med
kirurgoma in predlagano avtomatsko metodo v skladu z variabilnostjo nacˇrtovanja vstavitve
pedikularnih vijakov posameznega kirurga. Dodatno smo ovrednotili predlagano racˇunalnisˇko
podprto metodo glede na dejansko vstavljene pedikularne vijake. Ugotovili smo, da so razlike
vecˇje glede na variabilnost rocˇnega in racˇunalnisˇko podprtega nacˇrtovanja, kar pa izhaja iz
napak, ki so se akumulirale tekom razgradnje, rekonstrukcije ter poravnave predoperativnega
nacˇrtovanja in pooperativne rekonstrukcije pedikularnih vijakov.

CHAPTER 1
Introduction and summary
Medical imaging has become indispensable for healthcare and is nowadays used on a daily basis
in clinical practice. Image information obtained during medical acquisition offers insight into
the human body, which is otherwise invisible to human eyes, and therefore enables an objective
interpretation of normal as well as pathological conditions of the human body, offers support
to clinicians towards correct diagnoses and courses of treatment, and facilitates monitoring the
development of diseases and treatment results. Moreover, image information is used for invas-
ive treatment approaches, e.g. to preoperatively plan an intervention, as well as for non-invasive
treatment approaches, e.g. to give a diagnosis or to monitor a treatment. The remarkable de-
velopment of medical imaging is based on the discovery of the German physicist Wilhelm
Conrad Ro¨entgen, who in 1895 during the study of cathode rays captured on the detector until
then unknown rays, and consequently named then X-rays. A few weeks after the discovery he
presented the first X-ray image of his wife’s hand, which showed a contrast between individual
bones, surrounding tissues and the ring. This discovery led scientists into the development of
new imaging acquisition techniques, such as computed tomography (CT) and magnetic reson-
ance (MR) imaging, which offer insight into the human body through cross-sections and have
become a standard in clinical practice.
The most widely accepted imaging techniques in clinical practice are, according to the spatial
dimension, in general divided into two-dimensional (2D) and three-dimensional (3D). An image
acquired with a 2D technique (e.g. X - ray imaging) represents the projection of the anatomy of
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the imaged subject in one direction with overlapping tissues, which does not provide complete
spatial information of the observed anatomy. On the other hand, 3D imaging techniques (e.g. CT
and MR) preserve the information of spatial relations among anatomical structures and therefore
offer reliable information of a certain anatomy or its function. Furthermore, imaging techniques
are also divided into:
• anatomical, which provide information about the composition and structure of the ob-
served anatomy (e.g. X - ray imaging, CT, MR and ultrasound (US)),
• functional, which provide information about the function of the observed anatomy
(e.g. functional MR, positron emission tomography (PET) and single photon emission
CT).
Moreover, from the aspect of the impact of an imaging technique to the patient body during the
acquisition, imaging techniques are divided into:
• invasive (e.g. X - ray imaging, CT and PET),
• non-invasive (e.g. MR and US).
Therefore, the use of an imaging technique is conditioned with two questions: which inform-
ation does a clinician want to obtain, and what is the ratio between the obtained information
and invasiveness of the used imaging technique. Moreover, the requirements and limitations
of imaging techniques, such as the quality, speed and cost of image acquisition, have to be
taken into account. In general, 3D imaging techniques are limited by the relatively high cost
and low speed of image acquisition, and are therefore mainly used to make a diagnosis, plan
a surgical or radiological intervention, and monitor the development of a disease, but rarely
during therapeutic interventions. On the other hand, 2D imaging techniques offer a real-time
image acquisition with lower costs in comparison to 3D imaging techniques, and are there-
fore frequently used during therapeutic interventions, for example to track surgical instruments.
However, 2D imaging techniques are still present in clinical practice because they cover a wide
range of applications with lower costs, but are being replaced by 3D imaging techniques, which
preserve the spatial information during image acquisition. In addition to the above, the tend-
ency to reduce the cross-sectional thickness and acquisition time, which consequently causes
an increase in the number of acquired cross-sections and visibility of anatomical features, led to
the expansion of 3D imaging techniques in daily clinical practice (Fabijanska and Goclawski,
2015).
Medical images acquired with state-of-the-art techniques enable an accurate insight into the
structure of the human body, organs and tissues, but clinicians are often hampered by the inter-
pretation of the available image information. Methods for computer-assisted quantitative ana-
lysis and evaluation of medical images can provide a considerable support towards their reliable
and reproducible interpretation. One of the fundamental steps for achieving such interpretation
is the application of image segmentation, a process that divides individual elements of an im-
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age into separated homogeneous subregions, where all elements inside a subregion have some
common properties (Smistad et al., 2015). The mathematical definition of image segmentation
is derived from the image domain, which is determined as a function of image intensities, and
defined as the division of the image domain into subregions. As image segmentation divides an
image into subregions according to the needs of the observer, algorithms for image segmenta-
tion have to simulate to a certain degree processes in the human brain. Therefore, the problem of
image segmentation is psychophysical in nature, and consequently it can not be completely ana-
lytically but rather heuristically solved (Korez, 2016). Moreover, the complexity of anatomical
structures and their variability, which originates either from the biological diversity among sub-
jects or from technical aspects of imaging techniques (e.g. modification of acquisition paramet-
ers, variable subject positioning during image acquisition (Vrtovec et al., 2009)), make image
segmentation even more challenging. All above mentioned factors that limit automated meth-
ods for image segmentation increase the use of manual and semi-automated methods. However,
manual image segmentation is time-consuming, and the time required steeply increases with
the number of structures under segmentation. On the other hand, in the case of semi-automated
image segmentation methods, an experienced operator controls the automated method and, if
necessary, interactively guides it to the desired solution. The clinical application of imaging
techniques in clinical practice, and the tendency towards higher precision for surgical and ra-
diological interventions increase the need for fast, reliable and autonomous computer-assisted
image segmentation methods (Fabijanska and Goclawski, 2015).
Several medical image segmentation methods have been proposed so far (Erdt et al., 2012,
Fabijanska and Goclawski, 2015, Fu and Mui, 1981, Ghosh et al., 2016, Haralick and Shapiro,
1985, He et al., 2008, Ibragimov et al., 2017, Korez et al., 2015b, Litjens et al., 2017, Ma et al.,
2010b, Mesejo et al., 2016, Pal and Pal, 1993, Pham et al., 2000, Sharma and Aggarwal, 2010,
Shi et al., 2012, Smistad et al., 2015, Suetens et al., 1993, Sˇtern et al., 2012), and can be in gen-
eral divided into two categories according to the information that guides the segmentation pro-
cess (Korez, 2016):
• image-based segmentation methods that are guided by image information, such as
thresholding, region growing and watershed,
• model-based segmentation methods that are guided by a model, such as deformable mod-
els, active shape models and active appearance models.
Image-based methods rely on image intensities and their features, such as edges, but do not
take into account the geometrical information of the structure under segmentation. The biolo-
gical variability of anatomical structures and the presence of image artefacts, inhomogeneities
and noise make image-based methods in most cases unreliable. However, they can be comple-
mented with model-based methods, where a prior geometrical knowledge of the structure under
segmentation (e.g. size and shape) is taken into account besides image intensities and their fea-
tures. During the segmentation process, a prior model of the structure is consistently adapted
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to the observed structure, where the impact of the local image information is reduced. Besides
a prior model of the observed structure, transformations that deforms the model, a similarity
measure between the model and the observed structure, and an optimization method that aligns
the model to the observed structure have to be defined. In this thesis we focused on the de-
velopment of model-based segmentation method for the purpose of computer-assisted planning
of pedicle screw placement and morphometric measurements of vertebral structures that are of
interest in the field of orthopedic surgery.
1.1 Deformable models
Deformable models are mathematically defined as the confluence of geometry, physics and
approximation theory, where geometry represents the shape of the model, physics limits how
the shape varies in time and space, and approximation theory serves as a mechanism for fit-
ting the model to the observed structure. In the image domain, deformable models are defined
as models of curves and surfaces that fit to the observed structure under the influence of ex-
ternal and internal forces (McInerney and Terzopoulos, 1996, Terzopoulos and Fleischer, 1988,
Terzopoulos et al., 1988). External forces are modeled by a similarity criterion, which guides
the model to the shape of the observed structure, while internal forces are modeled by a deform-
able criterion, which limits the deformation and preserves the smoothness of the initial model.
The robustness of the model-based segmentation approach can be achieved by combining both
the above mentioned criteria and the geometrical knowledge of the observed structure into the
segmentation process, so that the appearance of the observed structure can be appropriately
captured while preserving the smoothness of the model even in the presence of image noise or
boundary gaps in the observed structure (Sonka and Fitzpatrick, 2000).
Deformable models are in general divided into parametric and geometric. Parametric deform-
able models are explicitly given models of curves and surfaces, where the parametric form en-
ables to simply modify the configuration of the model (Amini et al., 1990, Chen and Metaxas,
2000, Kass et al., 1988, McInerney and Terzopoulos, 1996). However, parametric deformable
models depend on the topology of the observed structure, and although this property provides a
fast convergence to the true solution, a different model is required for each observed structure.
On the contrary, geometric deformable models are given implicitly as values of a scalar function
(Malladi et al., 1995, Mumford and Shah, 1989, Paragios and Deriche, 2002, Whitaker, 1994)
and do not depend on the topology of the observed structure, which enables segmentation of a
variety of structures with the same model.
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Figure 1.1. Vertebral structures that are of interests for pedicle screw placement
surgery are limited to the vertebral body (in green color), and to the corresponding
left and right pedicle (in red color), shown in a selected top and lateral 3D views.
1.2 Segmentation of spinal structures in medical images
The spine is an utmost complex and important part of the human body, and its primary function
is to transfer axial loadings resulting from the upper body weight. It extends between the base of
the skull and the pelvis, connects the head and limbs, and protects and surrounds the spinal cord
and nerve roots. The structure of the spine is complex because of the nature of functions that it
has to perform, and moreover it has to bear different external pressures and tensions. The spine
consists of 34 vertebrae, which are divided into five regions: cervical (7 vertebrae), thoracic (12
vertebrae), lumbar (5 vertebrae), sacral (5 vertebrae) and coccygeal (up to 5 vertebrae). The
upper part of the spine is represented by the first three regions, where the adjacent vertebrae are
connected by intervertebral discs and joints, and the surrounding muscles to provide stability.
On the other hand, the last two regions represent the lower part of the spine, where the adjacent
vertebrae are fused together (Cramer and Darby, 2013).
Chronic low back pain and musculoskeletal disorders are one of the main causes for visiting
a doctor and starting a treatment, however, despite continual development of technologies and
treatment procedures, the current ways of treatment still do not provide satisfactory results
(Hedlund et al., 2015, Slipman et al., 2007, Toyone et al., 2005, Yee et al., 2008). Spine injuries
and disorders are treated either with a conservative or a surgical approach. Spine surgeons in
most cases first start with the conservative approach and, if the treatment is not effective enough,
they continue with the surgical approach. Therefore, a thorough conversation with a patient and
detailed analysis of the patient anatomy obtained either with CT or MR imaging technique is
required to choose the proper treatment approach. Computed tomography offers an insight into
spine bones (Fig. 1.1), while MR offers an insight into soft tissues, such as inter-vertebral discs,
spinal cord and nerve roots (Van Goethem et al., 2007). However, segmentation of the obtained
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Figure 1.2. Pedicle screw system consists of pedicle screws, which are inserted into
vertebral bodies through the corresponding pedicles, and connecting rods that are
attached on top of the inserted pedicle screws.1
image information is essential to guide clinicians towards a proper approach and course of a
treatment, and, in the case of a surgical approach, to help surgeons to preoperatively plan the
intervention.
1.3 Planning of pedicle screw placement
Pedicle screw placement surgery is currently the most widely used method in spine surgery
for improving and, in the ideal case, eliminating a variety of pathological conditions of the
spine, such as adolescent idiopathic scoliosis (Fig. 1.3), kyphosis, degenerative disc disease and
other instabilities of the spine (Helm et al., 2015, Kim et al., 2017, Kong et al., 2017, Tian et al.,
2016). During the pedicle screw placement procedure, spine surgeons posteriorly insert ped-
icle screws into adequate vertebral bodies through pedicles and afterwards connect them with
rods (Fig. 1.2), which enable a rigid connection between adjacent vertebrae and furthermore
stability of the whole system (i.e. pedicle screws, connecting rods, vertebrae) (Merc, 2014).
However, pedicles are, from the biomechanical point of view, the hardest part of a vertebra
and, on the other hand, the smallest part of a vertebra, therefore the accuracy of pedicle screw
insertion is of considerable importance because pedicle screw misplacement can lead to serious
nerve or organ injuries. The accuracy of pedicle screw placement is especially important in the
thoracic spine where pedicles are smaller compared to those in the lumbar spine (Helm et al.,
2015), moreover, it is additionally challenging in the case of scoliosis, where pedicles are
1http://www.renovis-surgical.com/2011/09/s100-pedicle-screw-system/
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Figure 1.3. Adolescent idiopathic scoliosis is a three-dimensional deformation of
the spinal curvature, which can be observed as buckling of the spine from bi-planar
(a) lateral and (b) anterior-posterior radiographic images. In the early stage, the de-
formed spinal curvature is treated with bracing and if the treatment is not sufficient
and the deformation is still progressing, surgical treatment is the next most common
approach to prevent further curvature progression and also to obtain some curvature
correction, which is performed by posteriorly inserting pedicle screws into adequate
vertebral bodies through the corresponding pedicles and connecting them with rods.
Quantitative evaluation of the surgical treatment is usually performed by observing
the spinal correction and the pedicle screw instrumentation from bi-planar (c) lateral
and (d) anterior-posterior postoperative radiographic images.
narrower and have a wide variation in morphological features (Davis et al., 2017, Gao et al.,
2017a). The tendency to increase the accuracy of pedicle screw placement led to the devel-
opment of numerous intra-operative image-guided navigation techniques (Gelalis et al., 2012,
Helm et al., 2015, Tian et al., 2010), which either visualize or guide the insertion of pedicle
screws. During the past decade, a lot of studies have been published regarding to the accuracy
of pedicle screw placement (Balling and Blattert, 2017, Du et al., 2017, Fichtner et al., 2017,
Gao et al., 2017b, Kwan et al., 2017, Tian et al., 2016), where authors discussed about differ-
ent pedicle screw placement approaches (i.e. the free-hand and the image-guided placement
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technique) and the surgical outcome (i.e. pedicle screw placement accuracy). However, in both
approaches, the accuracy of pedicle screw placement is related to the experience of a spine
surgeon and, in both approaches, demands from a less experienced spine surgeon a steep learn-
ing curve (Helm et al., 2015, Kong et al., 2017, Manbachi et al., 2014, Ryang et al., 2015). In
recent studies (Fichtner et al., 2017, Gao et al., 2017b), authors reported that patients instru-
mented by means of image-guided navigation techniques have statistically significant less revi-
sion surgeries than patients instrumented by the free-hand technique and consequently resulted
in a higher pedicle screw placement accuracy. Nevertheless, as the image-guided placement
techniques increased the accuracy of pedicle screw placement, reduced the radiation expos-
ure during surgery, and offer, in the case of robot-assisted image-guided placement techniques,
performing the repetitive tasks and holding tools for long period with accuracy and precision
without the limitation of human errors (Gao et al., 2017b), on the other hand, increased duration
of the surgery and surgery cost. Moreover, accurate pedicle screw placement is challenging be-
cause of a wide variation of pedicle morphological features and complex anatomical structures
that surround the spine (Gao et al., 2017b), and therefore the knowledge on safety of pedicle
screw placement is crucial (Kwan et al., 2017) for a favorable clinical outcome.
Over the past decades, the use of intra-operative navigation techniques has widely spread in
clinical practice and encouraged spine surgeons to preoperatively plan pedicle screw placement
procedures (Fig. 1.4a and 1.4b). To create a preoperative pedicle screw placement plan, a spine
surgeon studies in detail the spine anatomy of the treated patient in preoperative images (usu-
ally in 3D CT images) in order to define the pedicle screw diameter by measuring the smallest
pedicle width and height in multi-planar cross-sections, and the pedicle screw length and inser-
tion trajectory by analysing the anatomy of the pedicle and the corresponding vertebral body.
As manual determination of pedicle screw placement plans is a time-consuming procedure,
moreover, it is practically impossible to take into account all parameters that are important for
the pedicle screw placement (i.e. the screw fastening strength), several computer-assisted meth-
ods have been proposed (Daemi et al., 2015, Goerres et al., 2017, Knez et al., 2016b, Lee et al.,
2012b, Solitro and Amirouche, 2016, Wicker and Tedla, 2004) (Fig. 1.4c and 1.4d). The first
computer-assisted method, which is completely based on geometry, was proposed by Wicker
and Telda (2004), where pedicle screw insertion trajectory is obtained by aligning a 3D line
to the minimum pedicle width midpoints, while the screw size is obtained from the minimal
pedicle width. In the work of Lee et al. (2012b), authors augmented the geometrical approach
by introducing the safety margin. All potential insertion trajectories with safety margin estim-
ation are obtained first, while the screw insertion trajectory with the highest insertion depth is
chosen as the optimal trajectory. In the subsequent work of Daemi et al. (2015), the geomet-
rical approach was furthermore augmented with the anatomical approach by considering the
screw fastening strength, which is defined as a linear combination of the screw depth, and two
constants that depend on screw properties and bone density. On the other hand, Solitro and
Amirouche (2016) proposed a computer-assisted method that takes into account the screw fixa-
tion strength implicitly by introducing average percentage of the screw thread volume in contact
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(a) (b) (c) (d)
Figure 1.4. (a), (b) A triangular mesh model of the spine obtained manually by
simple thresholding of image intensities from a selected computed tomography
image of the spine, which was used to manually determine preoperative pedicle
screw placement plans (in red), shown in a selected three-dimensional (3D) view.
(c), (d) An example of computer-assisted preoperative pedicle screw placement
planning (in green) based on parametric modeling of vertebral structures in 3D,
limited to vertebral bodies and pedicles, shown in a selected 3D view.
with the cortical bone. The optimal screw trajectory is obtained as the optimal combination of
the screw depth, entry point and the average percentage of the screw thread volume in contact
with the cortical bone that originates from the initial manually defined pedicle screw size and
insertion trajectory. In the recent work of Goerres et al. (2017), pedicle screw insertion tra-
jectories are obtained from previously manually defined expert reference trajectories by spine
surgeons within an anatomical atlas. In general, the proposed computer-assisted preoperative
pedicle screw placement planning methods have been respectively augmented from the initial
geometrical approach to the anatomical approach, however, in clinical practice spine surgeons
rely on both geometrical properties of a vertebra, which are used to determine the screw size,
and anatomical properties, which are used to determine the screw insertion trajectory, i.e. the
trajectory with the as high as possible pull-out strength (Bianco et al., 2014, Chapman et al.,
1996). Moreover, there are also some additional clinical aspects that should be addressed
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by a computer-assisted method, such as that the screw entry points should follow the spinal
curvature (Qi et al., 2014) and the screw insertion trajectory should follow the straight-forward
insertion technique (Lehman et al., 2003). According to the above mentioned clinical aspects,
especially to the one in the relation that the screw entry points should follow the spinal curvature,
there is a need to consider pedicle screw placement planning more globally, i.e. pedicle screw
placement planning should address all instrumented vertebrae and not only the corresponding
vertebra of the observed pedicle screw. In addition, the proposed computer-assisted methods
have been mostly evaluated against manually annotated pedicle screw placement plans, but to
prove clinical usefulness of computer-assisted planning, the proposed pedicle screw placement
plans should be evaluated against real clinical data, i.e. postoperatively reconstructed pedicle
screws.
However, for the determination of preoperative pedicle screw placement plans, segmenta-
tion and analysis of vertebral structures (i.e. vertebral body, pedicle) represent a fundamental
step, and therefore several methods for CT images have been proposed (Aslan et al., 2009,
Ibragimov et al., 2014, 2017, Kadoury et al., 2011, 2013, Kelm et al., 2013, Kim and Kim,
2009, Klinder et al., 2009, Korez et al., 2015b, Lee et al., 2012b, Leventon et al., 2000,
Lim et al., 2013, Litjens et al., 2017, Ma and Lu, 2013, Pereanez et al., 2015, Sˇtern et al., 2011,
2012, Vrtovec et al., 2005, 2008b, Weese et al., 2001). In most cases, the initial position of
the observed vertebra is required, which can be determined manually, semi-automatically or
automatically (Glocker et al., 2012, 2013, Klinder et al., 2009, Yang et al., 2017), and is fur-
thermore used as a starting point to initialize the segmentation, performed afterwards either
by the image-based or model-based approach. Another important step for the determination
of pedicle screw placement plans as well for 3D analysis of vertebral structures is the de-
termination of morphometric parameters of vertebral structures, which are usually manually
determined by indirect measurements with virtual 3D tools from CT images (Chen et al., 2009,
Davis et al., 2017, Gao et al., 2017a, Gstoettner et al., 2011, Kretzer et al., 2010, Li et al., 2004,
Liau et al., 2006, Liljenqvist et al., 2000, Mitra et al., 2002, O’Brien et al., 2000, Peters et al.,
2015, Simpson et al., 2016, Takeshita et al., 2009, Zhuang et al., 2011, 2012) or by direct meas-
urements with digital calipers from cadavers (Lien et al., 2007, Morales-Avalos et al., 2014,
Panjabi et al., 1991, Parent et al., 2004, Ugur et al., 2001, Yu et al., 2014, 2015a,b). However,
direct manual measurements of morphometric parameters from cadavers cannot be used for
preoperative surgical planning, on the other hand, indirect manual measurements from CT im-
ages can provide useful information, but as vertebrae may vary in position and orientation,
especially in the presence of spinal deformities, indirect measurements cannot provide morpho-
metric parameters that are uniquely and accurately obtained (Simpson et al., 2016). Neverthe-
less, shortcomings towards computer-assisted preoperative pedicle screw placement planning
still exist, especially by addressing both geometrical and anatomical properties, and also some
important clinical aspects, and therefore computer-assisted planning and evaluation of the pro-
posed pedicle screw placement plans represent challenging computational problems.
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1.4 Motivation
Over the past decades, image-guided pedicle screw placement techniques increased the accur-
acy of pedicle screw placement, which resulted in less postoperative complications and in a
better clinical outcome, in comparison to the conventional free-hand pedicle screw placement
technique. However, to take full advantage of the image-guided techniques, preoperative pedicle
screw placement planning should be performed, which is usually done manually on preoperative
CT image of the treated patient. Over the past decades, several computer-assisted methods have
been proposed, but do not address all important parameters for pedicle screw placement and
have not been yet evaluated against real clinical data. Therefore, the motivation of this thesis
was to develop a computer-assisted method, which will overcome all shortcomings of currently
proposed computer-assisted methods and will bring computer-assisted planning closer to the
requirements of clinical practice.
1.5 Contributions
The main contributions of this thesis are united under the design, development and validation
of an automatic computer-assisted method for preoperative pedicle screw placement planning
based on parametric modeling of vertebral structures in 3D, limited to the vertebral body and
pedicle. The presented computer-assisted method was shown to be a valuable tool to overcome
the time-consuming preoperative pedicle screw placement planning procedure. Moreover, the
presented computer-assisted method addresses all important aspects that lead a spine surgeon
towards a safe and reliable pedicle screw placement, such as pedicle morphometry, pedicle
screw fastening strength, pedicle screw insertion technique and entry points following the spinal
curvature, in comparison to existing methods that do not completely address the requirements
of clinical practice.
1.5.1 The development of a method for segmentation of pedicles in 3D CT
spine images
CHAPTER 2: Computer-assisted screw size and insertion trajectory planning for pedicle
screw placement surgery
We proposed a method for segmentation of pedicles based on modeling of the pedicles with su-
perquadrics. To model the 3D shape of the pedicle, we initialized a superquadric as an elliptical
cylinder and afterwards deformed it by introducing additional transformations, which describe
a more detailed shape of the pedicle (i.e. the offset of the inner pedicle shape, the concavity
of the pedicle at its anterior, posterior, right and left parts, the pedicle axis concavity in the
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coronal and sagittal plane, and the tear drop deformation of the pedicle in the axial plane). The
shape of the pedicle is modeled with 32 clinically meaningful parameters, while the position
and orientation of the pedicle is modeled by six rigid transformation parameters. The proposed
3D model is able to capture both normal and pathological deformations of the pedicle, which
are directly reflected by changes in the pedicle shape. The alignment of the 3D model to the 3D
image and consequently segmentation of the pedicle is performed through the optimization of
the similarity between the 3D model and the 3D image. The proposed method was evaluated on
3D CT images of the thoracic spine.
1.5.2 The development of a method for automated determination of the
pedicle screw size and insertion trajectory in 3D CT spine images
CHAPTER 2: Computer-assisted screw size and insertion trajectory planning for pedicle
screw placement surgery
CHAPTER 4: Computer-assisted pedicle screw placement planning: towards clinical practice
We proposed a method for automated determination of the pedicle screw size and insertion
trajectory in CT images, which takes into account both geometrical and anatomical properties
of vertebral structures. To model the 3D shape of the pedicle screw, we initialized a super-
quadric as a circular cylinder and afterwards deformed it by introducing transformations, which
enabled the extraction of the pedicle screw size (i.e. diameter and length) and insertion traject-
ory (i.e. pedicle crossing point, sagittal inclination and axial inclination). The initial size and
location of the pedicle screw was obtained from the corresponding 3D models of the vertebral
body and pedicle obtained from the first original contribution, while the final size and insertion
trajectory was obtained by optimizing the normalized screw fastening strength. The proposed
method was evaluated on 3D CT images of the thoracic spine. In addition, we have augmented
the proposed computer-assisted method by taking into account some of the important clinical
aspects:
• the screw entry points should follow the spinal curvature,
• the screw insertion trajectory should follow the straight-forward insertion technique,
which brought the computer-assisted preoperative pedicle screw placement planning closer to
the requirements of clinical practice. Moreover, the first clinical aspect considers pedicle screw
placement planning more globally, which means that the computer-assisted planning addresses
the whole instrumented vertebrae and not only the vertebra of the observed pedicle screw.
1.5.3 The development of a method for 3D morphometric pedicle analysis
CHAPTER 3: Automated determination of pedicle morphometry in the thoracic spine
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CHAPTER 5: Computerized pedicle morphometry in computed tomography images of the
thoracic spine
We proposed a method for morphometric analysis of pedicles in CT images based on 3D models
of the vertebral body and pedicles obtained from the first original contribution. To determine
the morphological parameters of the pedicle we proposed a pedicle-based coordinate system re-
lative to the corresponding coordinate system of the vertebral body. The coordinate systems of
the vertebral body and pedicle are obtained by observing the symmetry in the left-to-right and
superior-to-inferior directions inside the observed volume that encapsulates the corresponding
3D model. The obtained pedicle morphological parameters can be used either for the compar-
ison among normal and pathological conditions of the spine, or for the determination of the
initial pedicle screw size and insertion trajectory. The proposed method was evaluated on 3D
CT images of the thoracic spine.
1.5.4 Quantitative analysis of manually defined and automatically ob-
tained pedicle screw placement plans
CHAPTER 6: Variability analysis of manual and computer-assisted preoperative thoracic
pedicle screw placement planning
CHAPTER 7: Computer-assisted pedicle screw trajectory planning optimized with CT in-
ferred bone mass density: a comparison to surgical outcomes
We performed a quantitative analysis of manually defined and automatically obtained pedicle
screw placement plans in preoperative 3D CT images of patients who were appointed for the
pedicle screw placement surgery. Pedicle screw placement plans were defined manually by two
experienced spine surgeons and automatically by the computer-assisted method proposed in the
second original contribution, which allowed to perform the following analyses:
• the intra-observer variability of manually defined pedicle screw placement plans within
each surgeon,
• the inter-observer variability of manually defined pedicle screw placement plans between
surgeons,
• inter-approach variability between manually defined and automatically obtained pedicle
screw placements plans.
With the above mentioned analyses we observed that the variability of pedicle screw placement
plans defined manually by surgeons and automatically by the computer-assisted method is in
accordance with the variability between surgeons. Moreover, we have evaluated the proposed
pedicle screw placement plans against actually inserted pedicle screws and we observed that the
differences are higher in comparison to the inter-approach variability between manually defined
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and automatically obtained pedicle screw placements plans, which most probably originates
from errors accumulated during the steps of modeling, reconstruction, and finding the spatial
correspondence between preoperatively proposed pedicle screw placement plans and postoper-
atively reconstructed actually inserted pedicle screws.
CHAPTER 2
Computer-assisted screw size and insertion
trajectory planning for pedicle screw
placement surgery
DEJAN KNEZ, BOSˇTJAN LIKAR, FRANJO PERNUSˇ AND TOMAZˇ VRTOVEC
IEEE TRANSACTIONS ON MEDICAL IMAGING, 35(6):1420–1430, 2016
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Abstract
Pathological conditions that cause instability of the spine are commonly treated by vertebral fix-
ation involving pedicle screw placement surgery. However, existing methods for preoperative
planning are based only on geometrical properties of vertebral structures (i.e. shape) without
taking into account their structural properties (i.e. appearance). We propose a novel automated
method for computer-assisted preoperative planning of the thoracic pedicle screw size and in-
sertion trajectory. The proposed method extracts geometrical properties of vertebral structures
by parametric modeling of vertebral bodies and pedicles in three dimensions (3D), and com-
bines them with structural properties, evaluated through underlying image intensities in com-
puted tomography (CT) images while considering the guidelines for pedicle screw design. The
method was evaluated on 81 pedicles, obtained from 3D CT images of 11 patients that were ap-
pointed for pedicle screw placement surgery. In terms of mean absolute difference (MAD) and
corresponding standard deviation (SD), the resulting high modeling accuracy of 0.39 ± 0.31 mm
for 3D vertebral body models and 0.31 ± 0.25 mm for 3D pedicle models created an adequate
anatomical frame for 3D pedicle screw models. When comparing the automatically obtained
and manually defined plans for pedicle screw placement, a relatively high agreement was ob-
served, with MAD±SD of 0.4 ± 0.4 mm for the screw diameter, 5.8 ± 4.2 mm for the screw
length, 2.0 ± 1.4 mm for the pedicle crossing point and 7.6 ± 5.8◦ for screw insertion angles.
However, a statistically significant increase of 48 ± 26% in the screw fastening strength in favor
of the proposed automated method was observed in 99% of the cases.
2.1 Introduction
Vertebral fixation is a surgical procedure for treating pathological conditions of the spine such as
scoliosis, kyphosis, spondylolisthesis, spondlyosis, degenerative disease and herniation of the
intervertebral disc, spinal tumors and vertebral fractures, as well as other conditions that cause
instability of the spine (Lee et al., 2011a, Lehman et al., 2003, Vrtovec et al., 2015, Yu et al.,
2015a). As spinal instability may cause damage to the spinal cord and nerve roots, the aim
of vertebral fixation is to reduce spinal mobility and, as a result, avoid such damage. The
vertebral fixation procedure is based on anchoring two (or more) vertebrae to each other by
metal fixation devices such as rods, plates and screws, and is therefore often termed as verteb-
ral or spinal fusion. One of the most widely used fixation techniques is pedicle screw place-
ment (Tian et al., 2010), which consists of inserting screws through vertebral pedicles from
the posterior side into the interior of the vertebral body, and then attaching stabilizing rods to
hooks on the exterior part of the screws. The procedure is considered complex and technic-
ally demanding with a steep learning curve (Manbachi et al., 2014), as there is limited visibility
of critical anatomical structures during surgery. As a result, it is important that the surgeon
gains a mental conceptualization and reconstruction of the three-dimensional (3D) anatomy of
2 - Computer-assisted screw size and insertion trajectory planning for pedicle screw placement surgery 31
spinal structures that are hidden from direct view. Although pedicles are, from the biomech-
anical point of view, the hardest part of a vertebra, their narrow anatomical shape poses a risk
of injury to the spinal cord, nerve roots and aorta if pedicle wall breakthrough or other dam-
age in the case of pedicle screw misplacement occur. For a safe pedicle screw placement,
the surgeon has to perform proper surgery planning by taking into account pedicle morpho-
metry, and choosing the appropriate size and insertion trajectory of each pedicle screw, which
proved valuable for reducing the risk of screw misplacement (Gstoettner et al., 2011). There-
fore, image-guided and navigation techniques have been widely used to improve the accuracy
of pedicle screw placement (Kleck et al., 2016, Uneri et al., 2015) by intraoperatively track-
ing surgical instruments and providing the surgeon with their current position in images of the
treated patient (Markelj et al., 2012). The quality of the alignment between the 3D preoperat-
ive image and two-dimensional (2D) intraoperative images is evaluated by the accuracy of the
corresponding 3D/2D registration (Markelj et al., 2012), usually specified as the mean target re-
gistration error (mTRE) (Markelj et al., 2012, Uneri et al., 2015). For pedicle screw placement
surgery, a mTRE of up to 2 mm is considered to be clinically acceptable (Uneri et al., 2015),
while screw translation and rotation of up to 1 mm and 5◦, respectively, are considered to be
the allowable margins of error (Rampersaud et al., 2001) that, however, decrease with larger
pedicle screws planned for the same pedicle dimensions. In addition, one of the most widely
accepted grading methods for assessing pedicle screw placement accuracy is based on evalu-
ating pedicle wall breaches from computed tomography (CT) scans by classifying them into
2 mm incremental steps, and considering screws with breaches of up to 2 mm as the acceptable
safe zone (Aoude et al., 2015).
Besides intraoperatively tracking of surgical instruments, image-guided and navigation tech-
niques enable intraoperative transfer of a preoperatively defined pedicle screw placement plan.
Preoperative planning has therefore become essential for a safe and reliable pedicle screw place-
ment surgery. During planning, the surgeon studies in detail the spinal anatomy of the treated
patient by relying on preoperative images, which are in the case of spine surgery nowadays usu-
ally in the form of 3D CT scans. Modern visualization software allows the surgeon to prepare
the operative plan by manually navigating through the 3D image and manipulating with 3D
vertebra and 3D pedicle screw models, which is however time-consuming even for a surgeon
experienced with such software. What is more important is that such planning is also relatively
unreliable due to the subjective interpretation of the surgeon and the fact that it is practically
impossible to take into consideration all important parameters for pedicle screw placement, for
example, the screw pull-out strength. To alleviate these problems, computer-assisted meth-
ods for pedicle screw size and insertion trajectory planning were proposed (Lee et al., 2012b,
Wicker and Tedla, 2004), however, these methods are often based on 2D images and/or rely
only on geometrical properties of vertebral structures (i.e. shape) without taking into account
their structural properties (i.e. appearance), such as the bone mineral density (BMD). As the
pedicle screw pull-out strength correlates with its underlying BMD (Lehman et al., 2003), and
vertebral body and pedicle morphology impose limitations to the pedicle screw size and inser-
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tion trajectory, both geometrical and structural properties of vertebrae have to be considered in
planning of pedicle screw placement.
In this paper, we propose a novel, automated method for computer-assisted preoperative plan-
ning of the screw size and insertion trajectory for thoracic pedicle screw placement surgery.
Geometrical properties of vertebral bodies and pedicles are extracted by parametric modeling
in 3D, which enables direct measurements of vertebral and pedicle morphometry in 3D, as well
as creating a proper anatomical frame for pedicle screw modeling. The optimal size and in-
sertion trajectory of pedicle screws are then obtained from 3D pedicle screws models that are
determined by combining geometrical properties of vertebral bodies and pedicles with their
structural properties, evaluated through underlying image intensities in the observed CT images
while considering the guidelines for pedicle screw design.
2.2 Methods
2.2.1 Modeling of Vertebral Structures in 3D
For the purpose of creating an appropriate anatomical frame for preoperative planning of pedicle
screw placement procedures, we base vertebral body and pedicle modeling in 3D on superquad-
rics (Barr, 1981) that are defined by the inside-outside function:
M(x) =
((
x
A1
) 2
2
+
(
y
A2
) 2
2
) 2
1
+
(
z
A3
) 2
1
, (2.1)
where an arbitrary point x = (x, y, z) ∈ R3 in the 3D Cartesian space can be located inside
(M(x) < 1), outside (M(x) > 1) or on the superquadric surface (M(x) = 1). Parameters
A1, A2 and A3 define the size of the superquadric along coordinate axes x (left-to-right), y
(anterior-to-posterior) and z (superior-to-inferior), respectively, and parameters 1 and 2 control
the smoothness of the superquadric edge. Specific 3D shapes can be obtained by adding rigid
or non-rigid deformations to M(x) (Jaklicˇ et al., 2000), which was already used for parametric
modeling of vertebral bodies and intervertebral discs (Korez et al., 2014, Sˇtern et al., 2011). In
this work, we adapt the existing 3D model of the vertebral body (Sˇtern et al., 2011) and develop
a completely novel 3D model of the pedicle.
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3D Vertebral Body Model
The initial 3D model of the vertebral body Vinit(x) is represented with a superquadric M(x) (2.1)
forming an elliptical cylinder with 1 = 0.1 and 2 = 1:
Vinit(x) =
(
x2 + y2
Rv(θ)2
)10
+
(
z
Hv
)20
, (2.2)
where Hv is its half-height, Rv(θ) is its radius with Av being the semi-major and Bv the
semi-minor axis of the ellipse, and θ = arctan(y/x) is the radial angle in the xy-plane:
Rv(θ) =
AvBv√
(Av sin θ)2 + (Bv cos θ)2
. (2.3)
A more detailed 3D model of the vertebral body Vde f (x) is obtained by adding specific deforma-
tions to Vinit(x). Four Gaussian functions with magnitude m and standard deviation σ at angular
location ϕ deform the radius Rv(θ) into RG(θ):
RG(θ) = Rv(θ)
(
1 +
∑
j∈{l,r, f ,a}
m je
−(θ−ϕ j)2
2σ2j
)
, (2.4)
and model the location of the left pedicle (ml, σl, ϕl), right pedicle (mr, σr, ϕr), vertebral foramen
(m f , σ f , ϕ f ) and anterior part of the vertebral body (ma, σa, ϕa). The concavity of the vertebral
body wall is modeled by two cosine functions of magnitude cwa for the anterior part of the
vertebral body and cw f for the part around the vertebral foramen that are respectively regulated
by rectangle functions Π centered at ϕa and ϕ f with duration 3pi/4 and pi/4, which deform the
radius RG(θ) along the longitudinal axis z of the cylinder into RC(z, θ):
RC(z, θ) = RG(θ)
(
1 − cos
(
piz
Hv
)
·
(
cwaΠ
(
3pi
4
, ϕa
)
+ cw fΠ
(
pi
4
, ϕ f
)))
. (2.5)
Concavities of vertebral endplates are modeled by two 2D cosine functions with period RC(z, θ)
and magnitude ce = ces for the superior (z ≥ 0) and ce = cei for the inferior endplate (z < 0),
which deform the half-height Hv of the cylinder into HC(z, θ):
HC(z, θ) = Hv
(
1 − ce cos
(
pi
√
x2 + y2
RC(z, θ)
))
. (2.6)
Inclinations of vertebral endplates are modeled by bending the superquadric with magnitude
se = ses in the direction of angle ψe = ψes for the superior (z ≥ 0) and with magnitude se = sei
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in the direction of angle ψe = ψei for the inferior endplate (z < 0):xy
z
 =
 x + (bR − br) cosψey + (bR − br) sinψe
z + (s−1e − br) sin(zs−1e )
 , (2.7)
where br is the projection of x and y components of superquadric surface points onto the bending
plane, and bR is the bending transformation of br:
br =
√
x2 + y2 cos(ψe − θ),
bR = s−1e − (s−1e − br) cos(zs−1e ).
(2.8)
The increasing size and torsion of the vertebral body are modeled by linear transformations tvbs
and tvbt, respectively, that deform the radius RC(z, θ) and the radial angle θ along axis z of the
cylinder into RS (z, θ) and θT (z, θ), respectively:
RS (z, θ) = RC(z, θ)
(
1 − tvbs zHv
)
,
θT (z, θ) = θ + tvbt
z
Hv
.
(2.9)
In total, 25 parameters are therefore used to obtain a detailed 3D model of the vertebral body
Vde f (x), out of which three parameters [(2.2) and (2.3)] define the size of the initial elliptical cyl-
inder Vinit(x), while 22 parameters [(2.4)–(2.9)] define transformation TV that deforms Vinit(x)
into Vde f (x) = TV(Vinit(x)). The pose of the 3D vertebral body model in the 3D image space is
defined by its center point location xv = (xv, yv, zv) and rotation αv = (αv, βv, γv) through rigid
transformation RV that transforms Vde f (x) into V(x) = RV
(
Vde f (x)
)
= RV
(
TV
(
Vinit(x)
))
.
3D Pedicle Model
The initial 3D model of the pedicle Pinit(x) is also represented with a superquadric M(x) (2.1)
forming an elliptical cylinder (2.2), however, with edge smoothness parameters set to 1 = 0.01
and 2 = 1 corresponding to sharper edges:
Pinit(x) =
(
x2 + z2
Rp(ϑ)2
)100
+
(
y
Lp
)200
, (2.10)
where Lp is its half-length, Rp(ϑ) is its radius with Ap being the semi-major and Bp the
semi-minor axis of the ellipse, and ϑ = arctan(z/x) is the radial angle in the xz-plane:
Rp(ϑ) =
ApBp√
(Ap sinϑ)2 + (Bp cosϑ)2
. (2.11)
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Figure 2.1. The initial 3D pedicle model in the form of an elliptical cylinder
(semi-major axis Ap, semi-minor axis Bp, half-length Lp) is deformed by the con-
cavity of the pedicle wall at its superior (cws, yws,wws), inferior (cwi,wci,wwi), left
(cwl, ywl,wwl) and right (cwr, ywr,wwr) part, and by the shape of pedicle tails at its
superior-anterior/posterior (msa and msp), inferior-anterior/posterior (mia and mip),
left-anterior/posterior (mla and mlp), and right-anterior/posterior (mra and mrp) part.
(l-left, r-right, a-anterior, p-posterior, s-superior, i-inferior)
A more detailed 3D model of the pedicle Pde f (x) is obtained by adding specific deformations to
Pinitx(x). The concavity of the pedicle wall is modeled by four cosine functions of magnitude
ws for the superior, wi for the inferior, wl for the left and wr for the right part of the pedicle wall
that are respectively regulated by rectangle functions Π centered at yws, ywi, ywl and ywr with
durations wws, wwi, wwl and wwr (Fig. 2.1), which deform axes Ap and Bp of the ellipse along the
longitudinal axis y of the cylinder into AC(y, ϑ) and BC(y, ϑ), respectively:
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(2.12)
where 1 j(ϑ) ∈ {0, 1} is the indicator function that limits the radial angle ϑ and defines the
observed part of the pedicle wall by equaling 1 only when j = s and −pi/2 < ϑ ≤ pi/2 (superior
part), j = i and pi/2 < ϑ ≤ 3pi/2 (inferior part), j = l and 0 < ϑ ≤ pi (left part), and j = r and
pi < ϑ ≤ 2pi (right part). Eight Gaussian functions with magnitude m and standard deviation
Lp/2 at longitudinal location yk deform the semi-major axis AC(y, ϑ) and the semi-minor axis
BC(y, ϑ) of the ellipse into AG(y, ϑ) and BG(y, ϑ), respectively:
AG(y, ϑ) = AC(y, ϑ)
∑
j∈{s,i}
∑
k∈{a,p}
m jke
−(y−yk )2
L2p/2 ,
BG(y, ϑ) = BC(y, ϑ)
∑
j∈{l,r}
∑
k∈{a,p}
m jke
−(y−yk )2
L2p/2 ,
(2.13)
and model pedicle tails at the superior-anterior/posterior (msa and msp) and inferi-
or-anterior/posterior (mia and mip) part of the pedicle within AG(y, ϑ), and at the
left-anterior/posterior (mla and mlp) and right-anterior/posterior (mra and mrp) part of the pedicle
within BG(y, ϑ), where yk = −Lp for the anterior (k = a) and yk = +Lp for the posterior (k = p)
part of the pedicle (Fig. 2.1). The teardrop shape of the pedicle (Panjabi et al., 1997) is modeled
by the Fermi-Dirac function (Ma et al., 2010a) with magnitude mtd, shape parameter βtd and
width wtd at angular location ϕtd, which is regulated by a Gaussian function with standard devi-
ation σtd at location ytd and deforms the semi-minor axis BG(y, ϑ) of the ellipse into BT D(y, ϑ)
(Fig. 2.2):
BT D(y, ϑ) = BG(y, ϑ)
mtd
1 + eβtd
( |ϑ−ϕtd |
wtd
−1
) e −(y−ytd )
2
2σ2td . (2.14)
The kidney shape of the pedicle (Panjabi et al., 1997) is modeled by two cosine functions
of magnitudes clr and csi with periods 2Ap and 2Bp for the deformation in the left-to-right
and superior-to-inferior direction, respectively, which are regulated by rectangular functions Π
centered at 0 with durations 2Ap and 2Bp (Fig. 2.2):
x
y
z
 =

clr cos
(
pi
2
z
2Ap
)
Π
(
2Ap, 0
)
y
csi cos
(
pi
2
x
2Bp
)
Π
(
2Bp, 0
)
 . (2.15)
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Figure 2.2. The 3D pedicle model from Fig. 2.1 is further deformed by the teardrop
shape (mtd, wtd, βtd, ϕtd, σtd, ytd), kidney shape (clr, csi) and torsion (tpt) of the
pedicle. (l-left, r-right, a-anterior, p-posterior, s-superior, i-inferior)
The torsion of the pedicle is modeled by the linear transformation tpt that deforms the radial
angle ϑ along axis y of the cylinder into ϑT (y, ϑ):
ϑT (y, ϑ) = ϑ + tpt
y
Lp
. (2.16)
In total, 32 parameters are therefore used to obtain a detailed 3D model of the pedicle Pde f (x),
out of which three parameters [(2.10) and (2.11)] define the size of the initial elliptical cylinder
Pinit(x), while 29 parameters [(2.12)–(2.16)] define transformation TP that deforms Pinit(x) into
Pde f (x) = TP(Pinit(x)). The pose of the 3D pedicle model in the 3D image space is defined by its
center point location xp = (xp, yp, zp) and rotation αp = (αp, βp, γp) through rigid transformation
RP that transforms Pde f (x) into P(x) = RP
(
Pde f (x)
)
= RP
(
TP
(
Pinit(x)
))
.
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Figure 2.3. The pedicle screw placement plan is defined by the screw size with
major diameter D and length L, and insertion trajectory with entry point xe and
inclination ω = (ωyz, ωxy) (Rs is the screw pitch radius, 2∆ is the span around the
screw thread, xc is the pedicle crossing point). (l-left, r-right, a-anterior, p-posterior,
s-superior, i-inferior)
Alignment of 3D Vertebral Body and Pedicle Models to Anatomical Structures in CT Im-
ages
To align the generated 3D models of the vertebral body and pedicle to the observed vertebral
structures in CT images, we evaluate the similarity between each 3D model and characteristic
properties of CT images by criterion S (Sˇtern et al., 2011):
S =
√
1 −
∑
s
√
pins(s)psur(s) ·
∑
x∈Λ
(〈
g(x), n(x)
〉
e
−d(x)2
2σ2
Λ
)
. (2.17)
The image intensity component of S is defined with the Bhattacharyya dis-
tance (Comaniciu et al., 2003) and used to maximize the amount of soft tissues in the
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surroundings of the 3D model and the amount of bone structures inside the 3D model,
represented respectively by probability distributions psur(s) and pins(s) of intensity range s. The
gradient component of S is used to maximize the agreement between image intensity gradients
g(x) and corresponding 3D model normals n(x), where d(x) is the Euclidean distance from
point x to the corresponding point on the 3D model surface along its normal vector, Λ is the
region within distance dΛ =
√
AvBv/Hv from the 3D model surface with standard deviation
σΛ, and 〈g(x), n(x)
〉
is the dot product between image intensity gradient vector g(x) and
outward-pointing normalized 3D model surface normal vector n(x) when their wrap-around
angle is smaller than pi/2. The final 3D models of the vertebral body V(x) and pedicle P(x)
are therefore obtained by searching for parameters of composite transformations RV ◦ TV and
RP ◦ TP, respectively, that maximize the similarity S:( RV ◦ TV
RP ◦ TP
)
= arg max
R◦T
(
S
∣∣∣
R,T
)
, (2.18)
where T is an arbitrary deformation and R is an arbitrary rigid transformation of the 3D verteb-
ral body or pedicle model.
2.2.2 Modeling of Pedicle Screws in 3D
Although pedicle screws are manufactured in a variety of forms and types, can be slightly
cone-shaped (i.e. pointed) and have different thread characteristics (e.g. pitch and angle), we
generalize their 3D shape to a simple yet representative cylinder that is aligned to the observed
vertebral bodies and pedicles in CT images.
3D Pedicle Screw Model
The initial 3D model of the pedicle screw S init(x) is represented with a superquadric M(x) (2.1)
forming a circular cylinder with sharp edges (1 = 0.01, 2 = 1):
S init(x) =
(
x2 + z2
R2s
)100
+
(
y
Ls
)200
, (2.19)
where Ls is its half-length and Rs is its radius in the xz-plane (2Rs is the screw pitch diameter).
A more detailed model of the pedicle screw S de f (x) = TS (S init(x)) is obtained by modifying
Ls and Rs that define transformation TS . The pose of the 3D pedicle screw model in the 3D
image space is defined by position xs = (xs, ys, zs) and rotation αs = (αs, βs, γs) through rigid
transformation RS that transforms S de f (x) into S (x) = RS
(
S de f (x)
)
= RS
(
TS
(
S init(x)
))
.
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Alignment of 3D Pedicle Screw Models to Anatomical Structures in CT Images
In planning of pedicle screw placement procedures, both geometrical (i.e. shape) and structural
(i.e. appearance) properties of vertebrae have to be considered. The following conditions C
related to the 3D pedicle screw model S (x) are imposed to account for vertebral geometrical
properties:
C1: S (x) must be located within the 3D vertebral body model V(x), therefore preventing
eventual breakthroughs of the vertebral body wall that can result in injuries to the aorta
and/or internal organs,
C2: S (x) must be located within the 3D pedicle model P′(x) (obtained by shrinking P(x) for
ds, which represents the safety margin in the form of a constant distance between the
surface of P(x) and the surface of P′(x)), therefore preventing eventual breakthroughs of
the pedicle wall as well as screw locations on the pedicle surface boundary that can result
in injuries to the spinal cord and/or nerve roots, and
C3: S (x) must not, within V(x), cross the virtual yz-plane of vertebral symmetry in the
left-to-right anatomical direction, obtained from V(x), therefore preventing eventual in-
tersections with the screw through the opposite pedicle.
To account for vertebral structural properties, we rely on biomechanical characteristics of the
bone and fixation by screws. The screw pull-out strength has been recognized as the biomech-
anical parameter that should be optimized for the screw design (Chapman et al., 1996), and it
was shown that it is related to the underlying BMD (Lehman et al., 2003). For this purpose,
the screw fastening strength (Lehman et al., 2003, Linte et al., 2015), which can be also termed
as the screw fixation strength, was introduced as a measure of CT image intensities within the
planned screw volume. These CT image intesities further correlate with BMD (Schreiber, 2011)
and consequently with the screw pull-out strength. However, in practice surgeons first create a
pilot hole for the screw before its actual placement (Chatzistergos et al., 2014), and therefore
image intensities around the longitudinal screw axis do not contribute to the fastening strength.
As a result, we propose a modified version of the fastening strength F to account for vertebral
structural properties:
F =
∫ +Ls
−Ls
∫ 2pi
0
∫ Rs+∆
Rs−∆
rIw(r, ϕ, y)dr dϕ dy, (2.20)
where Iw(r) = Iw(r, ϕ, y) is the weighted 3D image intensity I(r) = I(r, ϕ, y) under cylindrical
coordinates r = (r, ϕ, y) ∈ R3, and 2∆ is the span around the screw thread between its minor
radius Rs − ∆ and major radius Rs + ∆. By introducing ∆, only image intensities corresponding
to the screw thread contribute to F. Besides applying the cut-off in the form of safety margin ds
(see condition C2), the trade-off between BMD of the cortical bone at the pedicle wall and BMD
of the trabecular bone inside the pedicle is achieved by weighting 3D image intensities with a
Gaussian function so that the influence of BMD decreases when moving from the longitudinal
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axis of the 3D pedicle model P′(x) towards the pedicle wall:
Iw(r) = I(r)e
− 2d(r)2
dp(r)2 , (2.21)
where d(r) is the shortest distance from the longitudinal axis of P′(x) to r, while dp(r) is the
distance from the longitudinal axis of P′(x) to the 3D pedicle model surface point along the line
that connects the longitudinal axis of P′(x) with r.
Both geometrical and structural properties of vertebrae are taken into account for the determin-
ation of the final 3D pedicle screw model S (x), which is aligned to the observed vertebral body
and observed pedicle in the 3D image by searching for parameters of the composite transform-
ation RS ◦ TS that maximize the normalized fastening strength F :
RS ◦ TS = arg max
R◦T
(
F
∣∣∣
R,T ,C
)
; F = F
8piRsLs∆
, (2.22)
where 8piRsLs∆ is the normalization coefficient in the form of the screw thread volume, and T
is an arbitrary deformation and R is an arbitrary rigid transformation of the 3D pedicle screw
model. As F directly increases with increasing screw radius Rs and length 2Ls, maximization
of F instead of F does not favor larger and longer screws.
Planning of Pedicle Screw Size and Insertion Trajectory
From the final 3D pedicle screw model S (x) that is aligned to the observed vertebral structures
in CT images, we extract the following clinically relevant parameters:
1. The pedicle screw size reflects the shape of the screw in 3D and is represented by the
screw major diameter D = 2(Rs + ∆) and screw length L = 2Ls, which are extracted
directly from S (x) (Fig. 2.3).
2. The pedicle screw insertion trajectory reflects the pose of the screw in 3D and is rep-
resented by the screw entry point xe = (xe, ye, ze) and screw inclination ω = (ωyz, ωxy)
(Fig. 2.3). The entry point xe is defined as the most posterior point on the longitudinal
axis of the screw at the transition between bony structures and soft tissues, while inclina-
tionω is defined by projecting the screw rotation angles αs ∈ RS onto the sagittal yz-plane
(angleωyz) and onto the axial xy-plane (angleωxy). The inclination in the coronal xz-plane
is not relevant, as it represents the rotation of the circular cylinder about its longitudinal
axis.
The extracted parameters P = {D, L, xe,ω} represent the pedicle screw placement plan, as they
uniquely define the shape (i.e. diameter and length) and pose (i.e. position and rotation) of the
pedicle screw in the 3D image for the observed pedicle and the corresponding vertebral body.
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Figure 2.4. Transformation RV ◦ TV deforms and aligns the 3D vertebral body
model to represent the vertebral body. Similarly, the 3D pedicle model (shown
for the left and right pedicle) is deformed and aligned by transformation RP ◦ TP
to represent the pedicle. Transformation RS ◦ TS is finally used to obtain the 3D
pedicle screw model, which defines the pedicle screw size and insertion trajectory.
2.3 Experiments and Results
2.3.1 Patient Database
The proposed method was evaluated on 11 patients (7 males and 4 females; mean age 17.9
years; range 12–34 years) with adolescent idiopathic scoliosis (9 patients) and degenerative disc
disorder (2 patients) in the thoracic spine that underwent CT image acquisition (GE LightSpeed
VCT scanner; pixel size 0.25–0.38 mm; slice thickness 0.6 mm) because they were appointed
for pedicle screw placement surgery. Preoperative surgery planning was performed by a spine
surgeon, who was experienced with the dedicated computer software for 3D image visualization
and pedicle screw manipulation that he used to manually plan the size and insertion trajectory
of 81 pedicle screws in the acquired CT images between vertebral levels T2 and T12. Basing
on these manually defined preoperative plans, patient-specific drill guides were manufactured
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and physically laid over the exposed part of the spine during surgery, and then pedicle screws
with predefined sizes were placed through these guides defining their insertion trajectory.
2.3.2 Implementation Framework
The proposed method was implemented in C++ and executed on a personal computer (Intel
Core i7 at 3.2 GHz) with 32 GB of memory and graphics processing unit (GPU) acceleration
(Nvidia GeForce GTX 760 with CUDA). The implementation consisted of three initialization
and alignment phases (Fig. 2.4), i.e. (1) for 3D vertebral body models, (2) for 3D pedicle
models, and (3) for 3D pedicle screw models, which are described in detail in the following
subsections. In each phase, the covariance matrix adaptation evolution strategy (CMA-ES)
algorithm (Hansen and Ostermeier, 2001) was applied to maximize the corresponding optimiz-
ation criterion [(2.18) and (2.22)], with λ = 40n candidate samples per maximization iteration
(n is the number of maximization parameters).
Initialization and Alignment of 3D Vertebral Body Models
For each observed vertebral body, the corresponding 3D vertebral body model V(x) was ob-
tained through incremental initialization and alignment steps (Sˇtern et al., 2011). An elliptical
cylinder Vinit(x) was initialized at a manually placed point xv close to the vertebral body center
with rotation of αv = (0, 0, 0), and size of 2Av = 30 mm, 2Bv = 24 mm and 2Hv = 20 mm [(2.2)
and (2.3)] corresponding to the mean size of lower thoracic vertebral bodies (Masharawi et al.,
2008). The 3D model was aligned to the vertebral body in the CT image, reinitialized with
(ml, σl, ϕl) = (0.3, pi/4,−pi/4), (mr, σr, ϕr) = (0.3, pi/4, pi/4), (m f , σ f , ϕ f ) = (0.3, pi/4, 0) and
(ma, σa, ϕa) = (0.3, pi/4, pi) that deformed its elliptical cross-section into a more detailed repres-
entation of the vertebral body, and then again aligned to the vertebral body in the CT image (2.4).
Finally, the 3D model was reinitialized with (cwa, cw f ) = (0.1, 0.05) for the concavity of the ver-
tebral body wall (2.5), ces = cei = 0.1 for the concavity (2.6) and (ses, ψes) = (sei, ψei) = (0, 0)
for the inclination of vertebral endplates [(2.7) and (2.8)], and tvbs = tvbt = 0 for the increasing
size and torsion of the vertebral body (2.9). The reported initialization values for the 3D verteb-
ral body model were obtained by averaging the corresponding manually defined parameters on
a selected number of representative vertebrae. The final alignment consisted of optimizing 31
parameters of the composite transformation RV ◦TV through maximization of the similarity cri-
terion S [(2.17) and (2.18)], i.e. 25 parameters of transformation TV that deformed Vinit(x) into
Vde f (x) = TV (Vinit(x)) and six parameters of rigid transformation RV that transformed Vde f (x)
into V(x) = RV
(
Vde f (x)
)
.
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Figure 2.5. The ground truth 3D shape and pose of each pedicle were obtained from
12 distinctive anatomical points, identified from cross-sections in the 3D coordinate
system of the pedicle that passed through its mid-point. (l-left, r-right, a-anterior,
p-posterior, s-superior, i-inferior)
Initialization and Alignment of 3D Pedicle Models
For each observed pedicle, the corresponding 3D pedicle model P(x) was also obtained through
incremental initialization and alignment steps. An elliptical cylinder Pinit(x) was first initial-
ized at location xp (obtained from the final 3D vertebral body model V(x), i.e. from para-
meters (ml, σl, ϕl) or (mr, σr, ϕr) representing the location of the left or right pedicle, re-
spectively) with rotation of αp = αv corresponding to the final rotation of V(x), and size of
2Ap = 12 mm, 2Bp = 6 mm and 2Lp = 10 mm [(2.10) and (2.11)] corresponding to the mean
size of lower thoracic pedicles (Vaccaro et al., 1995). Additional deformations were initial-
ized as (cws, yws,wws) = (0.5, 0, Lp), (cwi, ywi,wwi) = (0.5, 0, Lp), (cwl, ywl,wwl) = (0.5, 0, Lp) and
(cwr, ywr,wwr) = (0.5, 0, Lp) for the concavity of the pedicle wall (2.12), clr = csi = 0 for the
kidney shape and ttp = 0 for the torsion of the pedicle [(2.15) and (2.16)]. The 3D model
was aligned to the pedicle in the CT image, and then reinitialized with msa = msp = mia =
mip = mla = mlp = mra = mrp = 0 for pedicle tails (2.13) and (mtd,wtd, βtd, ϕtd, σtd, ytd) =
(0, pi/4, 8,±pi/2, Lp, 0) for the teardrop shape of the pedicle, where ϕtd = −pi/2 or ϕtd = +pi/2
when the left or right pedicle was observed, respectively (2.14). Similarly as for the 3D ver-
tebral body model, the reported initialization values for the 3D pedicle model were obtained
by averaging the corresponding manually defined parameters on a selected number of repres-
entative vertebrae. The final alignment consisted of optimizing 38 parameters of the composite
transformation RP ◦ TP through maximization of the similarity criterion S [(2.17) and (2.18)],
i.e. 32 parameters of transformation TP that deformed Pinit(x) into Pde f (x) = TP (Pinit(x)) and
six parameters of rigid transformation RP that transformed Pde f (x) into P(x) = RP
(
Pde f (x)
)
.
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Figure 2.6. The box-whisker diagram of distances between the obtained 3D pedicle
models and pedicle ground truth points (points are labeled according to Fig. 2.5;
asterisks represent locations of the largest outliers).
Initialization and Alignment of 3D Pedicle Screw Models
The 3D pedicle screw model S (x) was initialized as a circular cylinder S init(x) at location xs
(obtained from the final 3D pedicle model P(x) and the final 3D vertebral body model V(x),
i.e. along the longitudinal axis of P(x) and by considering the size of V(x)) with rotation of
αs = αp corresponding to the final rotation of P(x), and size of Rs and Ls defined according to
P(x) and V(x) (2.19). As pedicle screws larger than 80% of the pedicle radius can cause plastic
deformations of the pedicle (Misenhimer et al., 1989), the initial radius Rs of the pedicle screw
was set to 70% (Lee et al., 2012b) of the minimal osculating circle to the surface of P(x) along
its longitudinal axis, i.e. where the pedicle was the narrowest. On the other hand, pedicle screws
that penetrate into the vertebral body for more than 80% of its size in the anterior-to-posterior
direction proved to represent a risk of anterior vertebral body wall breakthrough that may result
in serious vascular complications (Biyani and An, 2004). The initial length 2Ls of the pedicle
screw was therefore computed as the distance along the longitudinal axis of P(x) between the
point in the anterior part of V(x) representing 80% (Lehman et al., 2003) of its corresponding
size and the point in the posterior part of the vertebra at the transition between bony structures
and soft tissues. A safety margin of ds = 0.5 mm (Zhuang et al., 2011) was finally applied to
shrink P(x) into P′(x) to prevent eventual pedicle wall breakthroughs and screw locations on
the pedicle surface boundary. The final alignment of the 3D pedicle screw model to vertebral
structures in the CT image consisted of optimizing eight parameters of the composite transform-
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Table 2.1. Comparison between automatically obtained and manually defined plans
for pedicle screw placement in terms of mean absolute difference (MAD) and cor-
responding standard deviation (SD).
Vertebral level T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 All
No. of screws 2 3 1 3 5 11 10 13 14 8 4 74
Screw size
diameter D MAD 0.4 0.7 0.2 0.6 0.5 0.4 0.4 0.4 0.6 0.2 0.4 0.4
(mm) SD 0.0 0.2 0.0 0.7 0.4 0.3 0.3 0.3 0.5 0.4 0.5 0.4
length L MAD 3.5 5.0 0.0 6.7 5.0 6.3 5.8 5.3 4.6 7.1 11.5 5.8
(mm) SD 2.1 3.6 0.0 4.7 2.5 4.1 5.5 4.5 2.5 4.1 5.4 4.2
Screw insertion trajectory
pedicle crossing MAD 1.6 1.3 0.7 1.6 2.0 1.9 1.8 2.0 2.1 2.3 2.9 2.0
point xc (mm) SD 1.7 0.9 0.0 1.7 1.4 1.7 1.3 1.4 1.3 1.3 1.9 1.4
sagittal inclination MAD 3.4 5.2 1.2 2.6 10.7 7.6 9.1 7.6 11.6 7.3 11.9 8.5
angle ωyz (◦) SD 3.8 3.8 0.0 1.4 6.5 5.8 6.4 7.5 8.2 4.3 9.4 6.8
axial inclination MAD 4.5 9.4 6.6 7.1 9.1 4.5 5.6 6.4 6.8 10.2 4.7 6.7
angle ωxy (◦) SD 2.4 5.1 0.0 5.9 5.8 3.4 3.7 4.4 3.2 6.4 3.4 4.4
Screw planning
normalized fastening MAD 12 45 18 51 73 51 58 43 47 31 41 47
strength F (%) SD 14 21 0 5 43 33 27 13 27 14 19 26
ation RS ◦TS through maximization of the normalized fastening strength F [(2.20) and (2.22)],
i.e. two parameters of transformation TS that deformed S init(x) into S de f (x) = TS (S init(x)) and
six parameters of rigid transformation RS that transformed S de f (x) into S (x) = RS
(
S de f (x)
)
.
The span around the screw thread was set to ∆ = 0.2Rs, meaning that 20% of the screw pitch
radius was used to obtain its minor and major radii, which is in accordance with the guidelines
for pedicle screw design (Baluch et al., 2014).
2.3.3 Results
By analyzing existing manually defined preoperative plans for pedicle screw placement of the
studied 11 patients, vertebral bodies and pedicles of interest were identified in corresponding
CT images and represented with the proposed 3D vertebral body models and 3D pedicle mod-
els, respectively. Ground truth shape and pose of the observed vertebral structures were defined
by manually placing 16 distinctive anatomical points on each vertebral body (Sˇtern et al., 2011)
and 12 on each pedicle (Fig. 2.5), with an estimated reliability of 0.85 ± 0.66 mm for vertebral
bodies and 0.68±0.53 mm for pedicles in terms of mean absolute difference (MAD) and corres-
ponding standard deviation (SD), determined from two independently placed sets of anatomical
points. For the purpose of quantitative evaluation of the proposed modeling approach, the radial
Euclidean distance was measured between each ground truth point and the corresponding 3D
model surface point along the line connecting the ground truth point and the 3D model center
point. In terms of MAD and corresponding SD of the radial Euclidean distance, the resulting
2 - Computer-assisted screw size and insertion trajectory planning for pedicle screw placement surgery 47
Figure 2.7. Visual comparison of automatically obtained (green color) and manu-
ally defined (blue color) pedicle screw placement plans for three different patients
with adolescent idiopathic scoliosis (first two columns on left) and degenerative
disc disease (column on right), shown from top to bottom in a three-dimensional
view, and in selected axial, sagittal and coronal views. (l-left, r-right, a-anterior,
p-posterior, s-superior, i-inferior)
modeling accuracy was 0.39 ± 0.31 mm (range of the mean: 0.23–0.67 mm) for 62 vertebral
bodies of interest and 0.31 ± 0.25 mm (range of the mean: 0.16–0.50 mm) for 81 pedicles of
interest (Fig. 2.6). A 3D pedicle screw model was then automatically defined for each pedicle
of interest, and modeling agreement was evaluated by comparing the obtained 3D model para-
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meters to manually defined preoperative plans for pedicle screw placement. For seven pedicle
screws, the corresponding pedicle was too narrow (width ∼3 mm) to fit a screw with sufficient
mechanical strength (diameter > 2 mm). For the remaining 74 pedicle screws, the resulting
modeling agreement in terms of MAD and corresponding SD was 0.4 ± 0.4 mm for diameter D
and 5.8 ± 4.2 mm for length L that define the pedicle screw size, and 2.0 ± 1.4 mm for pedicle
crossing point xc (i.e. the point at the intersection of the longitudinal screw axis with the plane
of the minimal osculating circle of the pedicle), 8.5 ± 6.8◦ for sagittal inclination angle ωyz and
6.7 ± 4.4◦ for axial inclination angle ωxy that define the pedicle screw insertion trajectory. The
corresponding difference in the normalized fastening strength F was 47 ± 26%, which was be-
fore comparison standardized against the mean and SD of manually defined preoperative plans
to remove the bias in the appearance of bony structures across different patients. In terms of F ,
an increase of 48± 26% was observed for 73 pedicle screws (99%), while a decrease of 2± 0%
was observed for the remaining pedicle screw (1%). Overall, a statistically significant differ-
ence (p < 0.01) in F was observed between automatically obtained and manually defined plans
for pedicle screw placement. Detailed results for each individual vertebral level are presented
in Table 2.1, and examples of pedicle screw placement plans are shown in Fig. 2.7. According
to preoperative pedicle screw placement plans constructed by a spine surgeon, the manually
defined pedicle screw sizes ranged between 4.0 and 5.5 mm with a step of 0.5 mm for screw
diameter D (Fig. 2.8(a)), and between 25 and 55 mm with a step of 5 mm for screw length L
(Fig. 2.8(b)), which is common in clinical practice. In comparison to manually defined plans,
the automatically obtained pedicle screw placement plans resulted, on average, in screws of
somewhat smaller diameter and shorter length (Fig. 2.8). However, the distribution of the res-
ulting differences was sparse, which is reflected in the corresponding correlation coefficient of
0.60 for screw diameter D and 0.69 for screw length L. Nevertheless, the automatically obtained
pedicle screw diameters and lengths are in accordance with the criteria reported in Section 2.3.2,
and can be furthermore rounded with respect to screw sizes that are currently used in clinical
practice.
2.4 Discussion and Conclusion
Although the concept of optimal surgery planning for pedicle screw placement was addressed
in several studies (Lee et al., 2012b, Linte et al., 2015, Wicker and Tedla, 2004), the definition
of optimality is not clearly defined. Optimal pedicle screw sizes and insertion trajectories are
not only those that do not cause injuries by intraoperative vertebral body or pedicle wall break-
through, but in a more broader sense those that do not result in injuries, complications, func-
tional disability and/or pain for the patient in the short- and long-term postoperative periods.
As objective prediction and quantification of long-term effects is difficult, it is not clear what
exactly optimal pedicle screw size and insertion trajectory are. Nevertheless it is important to
strive for such an operative plan that will provide optimal results according to selected criteria
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(a) (b)
Figure 2.8. Scatter plots of the difference between manually defined and automat-
ically obtained pedicle screw size for (a) screw diameter D and (b) screw length L.
The line of equality is in dotted black, the line of best fit in solid red, and the upper
and lower limits of the 95% confidence interval in dashed red.
based on current advances in biomechanical and clinical knowledge. In this paper, we described
a novel automated method for computer-assisted preoperative planning of the thoracic pedicle
screw size and insertion trajectory that combines both vertebral geometrical and structural prop-
erties for a fast and reliable planning of pedicle screw placement surgery.
The criteria adopted for evaluating vertebral geometrical properties were obtained by paramet-
ric modeling of vertebral bodies and pedicles in 3D. In comparison to statistical shape mod-
eling with active shape/appearance or articulated deformable models (Kadoury et al., 2013,
Klinder et al., 2009, Mastmeyer et al., 2006), the applied parametric modeling generalizes
the description of vertebral anatomy and therefore suppresses local anatomical deformations
(e.g. Schmorl’s nodes). However, to capture such local deformations by statistical shape model-
ing, they would have to appear frequently in a training database that would have to be (manually)
annotated, but could be nevertheless masked by non-deformed and normal cases. Moreover,
a large number of eigenshapes representing modes of shape variations would be required to
capture such deformations. On the other hand, besides the fact that the applied parametric
modeling does not require a training database and corresponding manual annotations, known
local anatomical deformations could still be modeled at expected locations by introducing para-
meters describing their shape (e.g. Schmorl’s nodes could be modeled by searching for pro-
trusions along the obtained vertebral endplates), which however depends on the occurrence of
such deformations in the given patient database. For the given patient database, the applied
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parametric approach resulted in relatively high modeling accuracy of every of the 62 observed
vertebral bodies and 81 observed pedicles, which can be in part attributed to the application of
the CMA-ES optimization algorithm (Hansen and Ostermeier, 2001) for 3D model alignment,
which has, in comparison to the downhill simplex algorithm (Sˇtern et al., 2011), a global search
behavior. Although the number of iterations rapidly increases with the number of candidate
samples per iteration (Hansen and Ostermeier, 2001), we implemented the proposed method
on GPU to decrease the computation time that amounted to around 2 min for the determin-
ation of each 3D vertebral body or pedicle model, which can be, however, performed com-
pletely off-line. Although each 3D vertebral body model requires initialization in the form of
a manually placed point close to the vertebral body center, the resulting modeling accuracy is
not considerably affected, as a successful model alignment (i.e. convergence) can be achieved
even with the downhill simplex algorithm if this point is up to 10 mm from the vertebral body
center (Sˇtern et al., 2011). The high modeling accuracy is especially important in the case of
pedicles due to their small size when compared to vertebral bodies. Moreover, from Fig. 2.6
it can be observed that the pedicle modeling accuracy is higher for the pedicle wall at its nar-
rowest part (i.e. points 1–4 in Fig. 2.5) than for pedicle tails (i.e. points 5–12 in Fig. 2.5). From
the perspective of pedicle screw placement, the narrowest part of the pedicle is also its most
important part, as pedicle wall breakthrough usually occurs around this region, and we used it
to determine the minimal osculating circle of the pedicle containing the screw. According to the
most widely accepted grading system in clinical practice (Aoude et al., 2015), the acceptable
safe zone for screws is defined for pedicle wall breaches of up to 2 mm. Considering that the ob-
tained pedicle modeling accuracy is around 0.5 mm, a maximal error of 1.5 mm is still allowed
when applying image-guided and/or navigation techniques for pedicle screw placement. Al-
though the pedicle screw size and insertion trajectory could be determined without modeling of
vertebral structures, parametric modeling in 3D enables extraction of vertebral body and pedicle
morphology that provided crucial information related to the screw size and insertion trajectory,
e.g. the size of the vertebral body and pedicle, and the virtual plane of vertebral symmetry
(Section 2.2.2). Moreover, it enables vertebral body and pedicle segmentation (Pereanez et al.,
2015, Wang et al., 2015) and labeling (Cai et al., 2015, De Leener et al., 2015), which can be
used for enhanced 3D visualization, e.g. by overlaying 3D models on the segmented CT im-
ages (Castro-Mateos et al., 2015, Korez et al., 2015a). Knowledge of vertebral morphology
and segmentation in 3D combined with enhanced vertebral visualization in 3D may help the
surgeon to preoperatively gain a better mental conceptualization and reconstruction of the 3D
spinal anatomy.
For evaluating vertebral structural properties, we adopted a criterion based on CT image intens-
ities representing the pedicle screw fastening strength, which proved to be related to the under-
lying BMD and further to the screw pull-out strength (Lehman et al., 2003, Linte et al., 2015,
Schreiber, 2011), which is especially important for patients with osteoporosis (Lehman et al.,
2015). However, we took into account only the volume around the screw thread that actually
contributes to the fastening strength, applied a safety margin around the pedicle surface to pre-
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Figure 2.9. Distribution maps of the normalized fastening strength F for selec-
ted screws through the left pedicle (left column) and right pedicle (right column),
generated by systematically modifying screw sagittal ωyz and axial ωxy inclina-
tions from automatically obtained insertion trajectories while keeping screws com-
pletely within the observed pedicles and vertebral bodies. Black circles, asterisks
and crosses represent, respectively, corresponding automatically obtained, manually
defined and anatomical (i.e. along the longitudinal axis of the pedicle) insertion tra-
jectories. White areas represent harmful insertion trajectories that resulted in screws
not completely within the observed pedicles and vertebral bodies.
vent eventual pedicle wall breakthroughs, weighted the underlying image intensities within this
volume to account for the trade-off between BMD of the cortical and trabecular bone, and nor-
malized the result with the screw thread volume to eliminate the influence of the pedicle screw
size in order to obtain a criterion with a clearly distinctive and oriented maximum (Fig. 2.9)
that was used for aligning 3D pedicle screw models to vertebral structures in CT images. If
required by the spine surgeon or imposed by the patient-specific anatomy, the applied safety
margin around the pedicle surface can be defined manually, and even differently at the me-
dial and lateral pedicle wall to account for the higher risks and larger complications related
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to medial in comparison to lateral pedicle wall breakthroughs. In the current implementation,
however, the safety margin that is in clinical practice also termed as the bony bridge was set
to ds = 0.5 mm (Zhuang et al., 2011). The proposed method was evaluated on 81 pedicles
and the automatically obtained plans for pedicle screw placement were compared to those that
were manually defined by a spine surgeon, resulting in a relatively high agreement between the
two approaches, where an increase in the screw fastening strength in favor of the automated
approach was observed in 99% of the cases. It has to be noted that by such comparison, we
did not aim to obtain an as close as possible match between the two approaches, because the
concept of optimal surgery planning for pedicle screw placement is, as mentioned above, not
clearly defined. The purpose of comparison was to show that the automatically defined pedicle
screw size and insertion trajectory correspond to the maximal available fastening strength, and
therefore represent an adequate choice for the operative plan from the biomechanical as well
as clinical perspective. The computation time for the determination of each 3D pedicle screw
model amounted to around 20 sec, which can be performed completely off-line but eventually
also on-line if the spine surgeon would decide to manually select the screw size or insertion
trajectory while revising the proposed operative plan.
Pedicle morphometry is of utmost importance for a safe pedicle screw placement, and was
therefore the topic of several studies that measured pedicle dimensions manually with a digital
caliper from human cadavers (Yu et al., 2014, 2015a) or with virtual measurement tools in 2D
image cross-sections (Linte et al., 2015, Vaccaro et al., 1995). The method proposed in this
paper extracts the 3D shape of the pedicle in the form of a novel 3D parametric model, which
enables direct pedicle morphometry measurements, as each 3D pedicle model parameter is
associated with a specific shape characteristic. The extracted pedicle morphometry is then used
for computer-assisted preoperative planning of the screw size and insertion trajectory for pedicle
screw placement surgery.
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Abstract
Knowledge of pedicle morphometry in the form of parameters describing the anatomical shape
of the pedicle is indispensable for pedicle screw placement surgery. However, in clinical prac-
tice, spine surgeons manually measure pedicle morphometric parameters from two-dimensional
oblique cross-sections defined in three-dimensional (3D) computed tomographic (CT) scans,
which is an inaccurate and time-consuming procedure. We propose a method for automated de-
termination of pedicle morphometry in CT images, which is based on parametric modeling of
vertebral bodies and pedicles in 3D, and extracting corresponding reference coordinate systems.
By observing 130 vertebral bodies and 260 pedicles of the thoracic spine, the resulting values of
pedicle morphometric parameters are consistent with existing studies on the anatomical shape
of the pedicle.
3.1 Introduction
Pedicle screw placement surgery is nowadays the preferred surgical treatment for several spine
deformities (Li et al., 2004, Liljenqvist et al., 2000, Yu et al., 2014, 2015a, Zhuang et al., 2011),
where the accuracy of pedicle screw placement is essential for a successful surgical out-
come (Yu et al., 2015a). During surgery, the spine surgeon inserts pedicle screws into ver-
tebral bodies through pedicles, which although proved to be the strongest are also the narrowest
parts of the vertebra (Li et al., 2004, Yu et al., 2015a, Zhuang et al., 2011). Thorough know-
ledge of pedicle morphometry is essential for safe pedicle screw placement (Liljenqvist et al.,
2000, Yu et al., 2014, 2015a), which helps the spine surgeon to preoperatively choose ap-
propriate pedicles and corresponding screws to decrease the risk of pedicle screw misplace-
ment (Liljenqvist et al., 2000). Preoperative knowledge of pedicle morphometry has therefore
become indispensable for a safe pedicle screw placement surgery, which is usually obtained
manually from reformatted preoperative three-dimensional (3D) computed tomographic (CT)
images of treated patients (Peters et al., 2015, Yu et al., 2014, Zhuang et al., 2011). As ped-
icles may vary in position and shape (Li et al., 2004, Zhuang et al., 2011), especially in the case
of pathological conditions of the spine, manually measured pedicle morphometric parameters
cannot be uniquely and accurately obtained. In this paper, we propose a method for automated
determination of pedicle morphometric parameters in CT images, which is based on paramet-
ric modeling of vertebral bodies and pedicles in 3D, and extracting corresponding reference
coordinate systems.
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3.2 Methodology
3.2.1 Modeling of vertebral structures in 3D
For the determination of pedicle morphometric parameters we limit vertebral modeling in 3D
to vertebral bodies and pedicles, which is performed through superquadrics (Barr, 1981):
M(x) =
((
x
A1
) 2
2
+
(
y
A2
) 2
2
) 2
1
+
(
z
A3
) 2
1
, (3.1)
which directly indicate whether point x = (x, y, z) ∈ R3 is located inside (M(x) < 1), out-
side (M(x) > 1) or lying on (M(x) = 1) the superquadric surface, where A1, A2 and A3 control
the size along x, y and z axis, respectively, while parameters 1 and 2 define the edge smooth-
ness.
Modeling of vertebral bodies in 3D
The superquadric of the 3D vertebral body model is initially represented by an elliptical cylinder
Vinit(x) (Sˇtern et al., 2011) at a manually defined point close to the vertebral body center:
Vinit(x) =
(
x2 + y2
Rv(θ)2
)10
+
(
z
Hv
)20
, (3.2)
where Hv is its half-size and θ = arctan(x/y) is the radial angle, which with the semi-major axis
Av and the semi-minor axis Bv defines radius Rv(θ):
Rv(θ) =
AvBv√
(Av sin θ)2 + (Bv cos θ)2
. (3.3)
A more detailed shape Vde f (x) = TV(Vinit(x)) of the vertebral body (Fig. 3.1) is obtained by
introducing 22 additional parameters, which represent specific 3D vertebral body deforma-
tions (Sˇtern et al., 2011).
Modeling of pedicles in 3D
The superquadric of the 3D pedicle model is initially also represented by an elliptical cylin-
der Pinit(x) (Knez et al., 2016b) at the location of the left/right pedicle, which is automatically
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(a) (b)
Figure 3.1. An example of parametric modeling of the vertebral body and cor-
responding pedicles, shown (a) in a three-dimensional view and (b) in a selected
sagittal view.
obtained from the corresponding 3D vertebral body model Vde f :
Pinit(x) =
(
x2 + z2
Rp(ϑ)2
)100
+
(
y
Lp
)200
, (3.4)
where Lp is its half-length and ϑ = arctan(z/x) is the radial angle, which with the semi-major
axis Ap and the semi-minor axis Bp defines radius Rp(ϑ):
Rp(ϑ) =
ApBp√
(Ap sinϑ)2 + (Bp cosϑ)2
. (3.5)
A more detailed shape Pde f (x) = TP(Pinit(x)) of the pedicle (Fig. 3.1) is obtained by introdu-
cing 29 additional parameters, which represent specific 3D pedicle deformations, such as the
concavity of the pedicle wall, the shape at pedicle tails, the teardrop and kidney shape, and the
torsion of the pedicle (Knez et al., 2016b).
Alignment of 3D models to CT images
By aligning Vde f (x) and Pde f (x) to the corresponding structures in CT images, the final 3D
vertebral body model V(x) = RV(Vde f (x)) and pedicle model P(x) = RP(Pde f (x)) (Fig. 3.1) are
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(a) (b)
Figure 3.2. The pedicle coordinate system obtained from (a) left-to-right and
(b) superior-to-inferior plane of symmetry, shown for a symmetrical pair of points
pai and pbi.
obtained through maximization of similarity criterion S (Knez et al., 2016b, Sˇtern et al., 2011):
S =
√
1 −
∑
s
√
pins(s)psur(s) ·
∑
x∈Λ
((
g(x) · n(x)
)
e
−d(x)2
2σ2
Λ
)
. (3.6)
The first part ofS is based on 3D image intensities and maximizes the amount of bone structures
inside and soft tissues outside the 3D model (pins and psur are probability distributions of image
intensities s inside and outside the 3D model, respectively). The second part of S is based on 3D
intensity gradients g(x) and maximizes their agreement with corresponding outward-pointing
3D model surface normals n(x) inside region Λ (d(x) is the Euclidean distance from x to the 3D
model surface and σΛ is the standard deviation of Λ).
3.2.2 Vertebral coordinate system
To enable the comparison among different normal and pathological conditions of the spine, the
observed pedicle morphometric parameters are measured in the coordinate system (CS) of the
pedicle relative to the CS of the vertebral body. Each CS is defined from corresponding sagittal
and axial planes of symmetry, which are automatically obtained from the final 3D vertebral
body and pedicle models.
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Vertebral body coordinate system
Vertebral body CS is represented by the Cartesian unit vectors {eV x, eVy, eVz} that are initially
defined from the final 3D vertebral body model V(x), and then refined by observing the sym-
metry of the vertebral body in the left-to-right and superior-to-inferior direction (Vrtovec et al.,
2008a) that is evaluated by minimizing criterion C(VOIV) within the volume of interest VOIV
encapsulating V(x):
C(VOI) = Cx(VOI) + Cz(VOI), (3.7)
where Cx(VOI) defines the left-to-right and Cz(VOI) defines the superior-to-inferior plane of
symmetry:
Cx(VOI) =
∑
j∈{x,y,z}
∑N
i=1 |vai j · v′xbi j | · w(θi)∑N
i=1 ||vai j || ·
∑N
i=1 ||v′xbi j ||
,
Cz(VOI) =
∑
j∈{x,y,z}
∑N
i=1 |vai j · v′zbi j | · w(θi)∑N
i=1 ||vai j || ·
∑N
i=1 ||v′zbi j ||
.
(3.8)
For each plane of symmetry, VOIV is divided into two parts VOIVa and VOIVb, providing N pairs
of symmetrical points pai and pbi; i = 1 . . .N, within VOIV . At points pai and pbi, normalized
intensity gradients gˆai and gˆbi are obtained, and gˆbi is mirrored over the corresponding plane of
symmetry into gˆ′bi. If angle θi between gˆai and gˆ
′
bi is below pi/6, the weighting function w(θi)
is equal to 1, and otherwise to 0. By projecting gˆai and gˆ
′
bi onto unit vectors eV j; j ∈ {x, y, z},
and by considering w(θi), we obtain vectors vai j = projeV j gˆai and v
′
bi j = projeV j gˆ
′
bi that are used
to obtain the planes of symmetry, which refine the vertebral body CS.
Pedicle coordinate system
The pedicle is, in general, not a symmetrical anatomical structure, however, we already pro-
posed a 3D pedicle model (Knez et al., 2016b) from where the left-to-right and superior-to-
inferior planes of symmetry (Fig. 3.2), and consequently the pedicle CS can be obtained. The
pedicle CS is represented by the Cartesian unit vectors {ePx, ePy, ePz} that are initially defined
from the final 3D pedicle model P(x), and then refined by searching for its planes of symmetry
by minimizing criterion C(VOIP) (Eq. 3.7). The procedure is similar to that of the vertebral
body (Sec. 3.2.2), as for each plane of symmetry, VOIP is divided into two parts VOIPa and
VOIPb, and vectors gˆai and gˆ
′
bi are projected onto unit vectors eP j; j ∈ {x, y, z} (Fig. 3.2).
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(a) (b) (c)
Figure 3.3. Pedicle morphometric parameters obtained from 3D vertebral body
and pedicle models, and corresponding planes of symmetry, shown in a selected
(a) axial, (b) sagittal and (c) coronal plane.
3.2.3 Pedicle morphometry in 3D
The following pedicle morphometric parameters proved to be clinically meaningful (Li et al.,
2004, Liljenqvist et al., 2000, Peters et al., 2015, Yu et al., 2014, 2015a, Zhuang et al., 2011):
pedicle width Wp, height Hp and length Lp, chord length Lc, transverse pedicle angle ωz, sagittal
pedicle angle ωx, and pedicle area Ap (Fig. 3.3). The pedicle axis is determined from the unit
vector ePy at the location of the pedicle isthmus, i.e. the smallest area of the pedicle cross-section
Ap perpendicular to its axis (Li et al., 2004). From the final 3D models of the vertebral body
V(x) and pedicle P(x), and from the corresponding planes of symmetry, we automatically ob-
tain characteristic points (Fig. 3.3) that define pedicle morphometric parameters. The pedicle
width Wp and height Hp are determined in its coronal plane at the location of its isthmus as the
distance between the left- and right-most point of the pedicle (xlxr), and between the superior-
and inferior-most point of the pedicle (xsxi), respectively (Liljenqvist et al., 2000). The ped-
icle length Lp is determined as the distance between the posterior cortical entry point and the
posterior longitudinal ligament (xpcxpl) (Liljenqvist et al., 2000), and the chord length Lc as the
distance between the posterior cortical entry point and the anterior vertebral cortex (xpcxac).
The transverse pedicle angle ωz is determined between the left-to-right plane of vertebral body
symmetry and the pedicle axis projected onto the superior-to-inferior plane of vertebral body
symmetry, while the sagittal pedicle angle ωx is determined between the superior-to-inferior
plane of vertebral body symmetry and the pedicle axis projected onto the left-to-right plane of
vertebral body symmetry (Liljenqvist et al., 2000).
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Table 3.1. Pedicle morphometric parameters for each vertebral level in the thoracic
spine (mean± standard deviation), represented by pedicle width Wp, height Hp and
length Lp, chord length Lc, transverse pedicle angle ωz, sagittal pedicle angle ωx,
and pedicle area Ap.
Vertebral No. of Wp Hp Lp Lc ωx ωz Ap
level pedicles (mm) (mm) (mm) (mm) (◦) (◦) (mm2)
T1 4 8.6± 0.9 9.6± 1.8 13.9± 1.4 35.7± 3.4 18.8± 4.2 31.7± 4.5 64.9± 16.8
T2 16 7.0± 1.0 12.1± 1.6 16.1± 2.9 34.3± 3.4 7.8± 6.2 17.0± 4.8 65.1± 17.0
T3 16 6.2± 1.5 13.0± 1.9 16.4± 3.2 33.7± 5.3 8.8± 5.9 12.3± 6.4 62.6± 23.9
T4 18 5.6± 1.1 12.6± 1.6 16.9± 2.8 35.0± 5.1 7.8± 4.7 9.5± 7.0 55.3± 17.4
T5 22 5.2± 1.1 12.0± 2.0 16.4± 1.6 36.2± 3.5 10.2± 3.7 8.3± 4.9 49.3± 18.0
T6 24 5.5± 0.9 12.2± 1.8 16.5± 1.7 38.0± 4.3 11.3± 4.1 7.2± 6.0 52.9± 13.8
T7 24 5.8± 0.9 12.5± 2.1 16.8± 1.6 40.1± 5.1 10.8± 4.0 6.6± 5.5 57.8± 16.1
T8 26 6.4± 1.2 13.4± 2.2 16.8± 2.1 41.9± 5.5 10.2± 3.1 5.7± 5.9 67.5± 20.7
T9 24 6.8± 1.1 14.8± 2.3 16.6± 2.0 44.4± 6.0 8.9± 4.3 8.6± 8.0 79.2± 20.3
T10 26 8.0± 1.2 17.1± 2.5 16.8± 2.3 44.2± 6.3 8.8± 2.8 6.8± 7.9 105.9± 24.8
T11 24 9.8± 1.7 19.2± 3.3 19.0± 3.8 45.2± 9.7 8.3± 3.9 4.8± 9.8 146.0± 43.2
T12 24 9.3± 1.9 17.7± 2.5 21.5± 3.2 42.8± 9.3 3.8± 2.4 −1.8± 8.4 128.4± 35.0
3.3 Experiments and results
We performed experiments on thoracic CT images (mean voxel size: 0.33× 0.33× 0.6 mm3) of
13 patients (9 males and 4 females; mean age 17.3 years; range 12− 34 years) with adolescent
idiopathic scoliosis (9 patients) and degenerative disc disorder (4 patients). For modeling of
vertebral bodies and pedicles, and computation of corresponding planes of symmetry, the co-
variance matrix adaptation evolution strategy (CMA-ES) (Hansen and Ostermeier, 2001) was
used for optimization. The resulting modeling accuracy was, in terms of mean absolute dif-
ference and standard deviation of radial Euclidean distances (i.e. distance along the line that
connects the ground truth point and the corresponding 3D model center point) between the
3D model surface and ground truth points, equal to 0.54± 0.41 mm for 130 observed verteb-
ral bodies and to 0.34± 0.28 mm for 260 observed pedicles. Detailed results of each pedicle
morphometric parameter for each vertebral level are presented in Table 3.1.
3.4 Discussion and conclusion
In this paper, we described a novel automated method for the determination of pedicle morpho-
metric parameters from parametric models of vertebral bodies and pedicles in 3D CT images.
The resulting relatively high modeling accuracy for all observed vertebral bodies and pedicles
is directly related to the quality of pedicle morphometry, which is especially important at the
location of the pedicle isthmus due to its narrow shape, where a higher modeling accuracy
than at the location of pedicle tails was observed. The pedicle morphometric parameters that
were obtained automatically and reported in Table 3.1 for thoracic vertebrae are consistent with
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existing studies on the anatomical shape of the pedicle, where they were manually measured
with digital calipers from human cadavers (Yu et al., 2014, 2015a) or defined with virtual meas-
urement tools from 3D reformatted CT images (Peters et al., 2015, Zhuang et al., 2011). The
obtained pedicle morphometric parameters can provide support to spine surgeons towards safer
and more reliable pedicle screw placement procedures, or can be used for further 3D studies of
pedicle morphometry by adding additional patients to the database and observing the depend-
ency among clinically meaningful morphometric parameters. Our future work will be focused
on pedicle morphometric parameters in the lumbar spine and on automated 3D studies of ped-
icle morphometry.
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Abstract
Several computer-assisted methods for pedicle screw placement planning have been proposed
in the past decade, and mostly rely on geometrical constraints of the vertebrae and take into
account the bone mineral density to define the optimal screw size and trajectory. However, spe-
cific aspects that are important in clinical practice exist but have not been yet addressed, such as
that pedicle screw entry points should follow the spinal curvature or that their insertion traject-
ories should be in agreement with the straight-forward technique. In this study, we augmented
an existing computer-assisted method for pedicle screw placement planning to additionally take
into account the afore mentioned clinical aspects. The augmented method was applied to pre-
operative computed tomography images of 25 patients and evaluated against the trajectories of
204 actually inserted pedicle screws, reconstructed from postoperative biplanar radiographs. In
comparison to the original computer-assisted method, a statistically significant improvement
in the agreement was observed between the pedicle screw placement plans, obtained by the
augmented method, and the actually inserted pedicle screws.
4.1 Introduction
Pedicle screw instrumentation, which consists of connecting rods attached on top of the in-
serted pedicle screws, is nowadays the preferred treatment for several degenerations of the
spine, such as scoliosis, fractures and tumors (Kwan et al., 2017, Sarwahi et al., 2016). In
such instrumentation, pedicle screws are posteriorly inserted through pedicles into the cor-
responding vertebral body. As pedicles are the strongest but also the narrowest part of the
vertebrae, and moreover are in the vicinity of the spinal cord and organs, pedicle screw mis-
placement can lead to serious injuries (Sarwahi et al., 2016). To prevent injuries, image-guided
navigation techniques have been proposed, which offer support to a spine surgeon towards a
safer and more reliable pedicle screw placement (Kwan et al., 2017). Therefore, it is meaning-
ful to preoperatively determine adequate placement plans, that can be obtained either manu-
ally or by a computer-assisted method. Several computer-assisted methods have been pro-
posed (Goerres et al., 2017, Knez et al., 2016b), which rely on geometric constraints and, some
of them, additionally take into account the bone mineral density (BMD). Nevertheless, specific
clinical aspects should also be addressed, e.g. that pedicle screw entry points should follow
the spinal curvature (Qi et al., 2014) or that their trajectories should be in agreement with the
straight-forward insertion technique (Lehman et al., 2003).
In this paper, we augment an existing computer-assisted method for pedicle screw placement
planning (Knez et al., 2016b), which is based on parametric modeling of vertebral structures
and maximizing the screw fastening strengths through the underlying BMD in preoperative
computed tomography (CT) images of the spine, to take into account the afore mentioned clin-
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ical aspects. The pedicle screw placement plans, obtained by the augmented method, are then
evaluated against real clinical data, which is represented by the trajectories of actually inserted
pedicle screws, extracted from postoperative biplanar radiographs of the same patients.
4.2 Methodology
4.2.1 Modeling of vertebral structures
The observed vertebral structures, i.e. vertebral bodies and pedicles, are first modeled by su-
perquadrics (Barr, 1981) that directly indicate whether a point x= (x, y, z) in three-dimensional
(3D) space is located inside, outside or on their surface. Both the vertebral body model Vinit(x)
and the pedicle model Pinit(x) are initialized in the form of an elliptical cylinder (Knez et al.,
2016b):
{Vinit(x), Pinit(x)} =
(
x2 + y2
R(θ)2
){10,100}
+
(
z
H
){20,200}
, (4.1)
where H is its half-height and R(θ) is its radius, defined by the semi-minor axis A and the
semi-major axis B of the ellipse, and radial angle θ = arctan(y/x) in the xy-plane:
R(θ) =
AB√
(A sin θ)2 + (B cos θ)2
. (4.2)
More detailed shapes (Fig. 4.1a) of the vertebral body model Vde f (x) = TV(Vinit(x)) and the
pedicle model Pde f (x) = TP(Pinit(x)) are obtained by introducing transformations TV and TP,
respectively, that correspond to specific 3D anatomical deformations. The final alignments of
the vertebral body model V(x) = RV(Vde f (x)) and the pedicle model P(x) = RP(Pde f (x)) to the
observed vertebral body and pedicle in the CT image are obtained through rigid transformations
RV and RP, respectively. The parameters of the composite deformation and rigid transformation
(◦) are obtained by maximizing the following similarity criterion:(
RV ◦ TV
RP ◦ TP
)
= arg max
R◦T
((
SISG
)∣∣∣
R,T→
{
V(x),P(x)
}), (4.3)
where SI and SG correspond to an intensity-based and a gradient-based similarity criterion,
respectively (Knez et al., 2016b).
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(a) (b)
Figure 4.1. (a) Parametric modeling of vertebral bodies and pedicles for a selec-
ted patient. (b) The corresponding sagittal and axial planes of symmetry for the
vertebral body (pivs and pips, respectively) and pedicle (piva and pipa, respectively).
4.2.2 Vertebral coordinate systems
Vertebral coordinate systems are obtained from each final vertebral body model V(x) and ped-
icle model P(x) (Knez et al., 2016b) by extracting the corresponding sagittal plane of symmetry
pis and axial plane of symmetry pia, initially defined from the parameters of rigid transforma-
tions RV and RP, and then refined by observing the symmetry Cx in the left-to-right direction
and the symmetry Cz in the superior-to-inferior direction inside the volume of interest VOI that
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encapsulates V(x) and P(x), respectively (Knez et al., 2016b):
C(VOI) = Cx(VOI) + Cz(VOI). (4.4)
The final vertebral body and pedicle coordinate systems (Fig. 4.1b), defined by the Cartesian
unit vectors EV = {eV x, eVy, eVz} and EP = {ePx, ePy, ePz}, respectively, are obtained by minimiz-
ing the symmetry criterion:(
EV
EP
)
= arg min
E
(
C(VOI)
∣∣∣
E→
{
V(x),P(x)
}). (4.5)
4.2.3 Pedicle screw placement planning
Original method
Pedicle screw placement planning is based on an existing computer-assisted
method (Knez et al., 2016b) that relies only on anatomical constraints, i.e. the vertebral
geometry and BMD. Initial parameters are obtained from the final vertebral body model V(x)
and pedicle model P(x), while the final pedicle screw size TS and insertion trajectory RS are
obtained by maximizing the normalized screw fastening strength F (Knez et al., 2016b):
RS ◦ TS = arg max
RS ◦TS
(
F
∣∣∣
RS ,TS→
{
V(x),P(x),EV ,EP
}), (4.6)
which is defined as a weighted sum of CT image intensities Iw(r) under cylindrical coordinates
r = (r, ϕ, y) in the vicinity ∆ of the screw thread divided by its volume (Knez et al., 2016b):
F = F
4piRL∆
; F =
∫ + L2
− L2
∫ 2pi
0
∫ R+∆
R−∆
rIw(r)dr dϕ dy, (4.7)
where R, L and F correspond to the pedicle screw radius, length and fastening strength, respect-
ively.
Augmented method
The original computer-assisted method (Knez et al., 2016b) takes into account only anatom-
ical constraints but not specific clinical aspects that are relevant in clinical practice, i.e. that
pedicle screw entry points should follow the spinal curvature (Qi et al., 2014) and that their
trajectories should be in agreement with the most commonly used straight-forward insertion
technique (Lehman et al., 2003), where screws follow the inclination of superior vertebral en-
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(a) (b)
Figure 4.2. (a) An example of the obtained pedicle screw placements plans, initial-
ized by the pedicle coordinate system. (b) Refinement by the augmented method,
where pedicle screw entry points pe follow the spinal curvature (dashed curve),
which is achieved by equalizing (separately for the left and right side) the insertion
projection pip across all vertebral levels (pip is measured as the distance between pe
and its projection pep onto the sagittal plane of symmetry pivs of the vertebral body).
dplates. These clinical aspects are taken into account by augmenting the normalized screw
fastening strength F (4.7) into:
FA = αF + βFS C + γFS F , (4.8)
where FS C and FS F represent the clinical aspect related to the spinal curvature and the
straight-forward technique, respectively. The augmented fastening strength FA is therefore
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defined as a weighted (α, β, γ) linear combination of anatomical (F ) and clinical contribu-
tions (FS C and FS F). The first clinical aspect FS C is defined separately for the left and right
side as the difference |pip − p¯ip| between the insertion projection pip for the observed pedicle
screw, i.e. the distance measured between the pedicle screw entry point and its projection onto
the corresponding sagittal plane of symmetry of the vertebral body (Fig. 4.2a), and the mean
insertion projection p¯ip, i.e. obtained from insertion projections of initially obtained placement
plans (Fig. 4.2) for the observed patient that follow the pedicle screw coordinate system along
its anatomical axis ePy. The second clinical aspect FS F is defined as angle ∠(nt, npt ), measured
between the screw insertion trajectory nt and its projection npt onto the superior endplate of the
corresponding vertebral body.
4.3 Experiments and results
Experiments were performed on CT images (mean voxel size: 0.36× 0.38× 0.93 mm3) of 25
patients (9 males and 16 females; mean age 11.7 years; range 2− 17 years) with scoliosis (17 pa-
tients) and fractures (8 patients) in the thoracic and/or lumbar region. To model vertebral bodies
and pedicles, obtain their planes of symmetry and define pedicle screw placement plans, the co-
variance matrix adaptation evolution strategy (CMA-ES) optimization (Hansen and Ostermeier,
2001) was applied. The modeling accuracy was, in terms of the mean absolute difference
(MAD) and standard deviation (SD) from the ground truth points, estimated to 0.39± 0.31 mm
for vertebral bodies and 0.31± 0.25 mm for pedicles (Knez et al., 2016b). According to the
two clinical aspects that were taken into account in the augmented normalized screw fastening
strength FA (4.8), three different versions of the augmented method were tested, i.e. the original
C1 (α= 1, β= 0, and γ= 0), the augmented C2 that accounts for the spinal curvature (α= 1,
β= 0.5, and γ= 0), and the augmented C3 that accounts for both the spinal curvature and the
straight-forward screw insertion technique (α= 1, β= 0.5, and γ= 5; note that α, β and γ were
experimentally obtained without optimization).
The obtained pedicle screw placement plans were evaluated against the trajectories R of 204
actually inserted pedicle screws (placed using the free-hand technique), which were manually
reconstructed from postoperative biplanar EOS radiographs (Kadoury et al., 2007), and repres-
ented in the form of vertebra and pedicle screw points in 3D that were brought into spatial cor-
respondence with the corresponding vertebral body models and pedicle screw placement plans.
Quantitative comparison between the obtained placement plans and the trajectories of actually
inserted screws was performed in terms of the difference in the screw insertion projection ∆pip,
entry point location, crossing point location, sagittal inclination ∆α, and axial inclination. De-
tailed results are presented in Table 4.1 for ∆pip and ∆α that reflect the influence of the reported
clinical aspects. Statistical analysis was performed in terms of MAD±SD, and Student’s t-tests
were used to search for statistically significant differences (level of significance: 0.05).
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Table 4.1. Comparison between pedicle screw placement plans (C1, C2, C3) and
actually inserted pedicle screws (R) for the thoracic and lumbar spine region in terms
of the mean absolute difference and corresponding standard deviation.
Vertebral No. of Difference in insertion projection: ∆pip (mm) Difference in sagittal inclination: ∆α (◦)
level screws R−R C1−C1 C2−C2 C3−C3 C1−R C2−R C3−R
T2 2 1.9± 1.6 0.1± 0.2 0.1± 0.1 0.1± 0.0 28.1± 3.4 28.2± 3.3 2.9± 2.5
T3 6 1.3± 0.7 1.2± 1.2 0.5± 0.7 0.2± 0.1 14.4± 7.0 12.5± 9.4 12.3± 7.5
T4 8 1.7± 2.0 0.6± 0.6 0.4± 0.4 0.3± 0.2 11.8± 9.1 14.3± 8.6 8.2± 3.9
T5 10 2.4± 1.7 1.2± 0.9 0.7± 0.6 0.4± 0.3 13.4± 7.1 12.7± 8.2 4.9± 3.8
T6 17 1.6± 1.6 1.2± 1.4 0.6± 0.7 0.3± 0.6 11.4± 5.7 11.1± 6.3 10.1± 8.2
T7 13 2.5± 2.0 1.9± 1.8 0.7± 1.0 0.5± 0.7 13.6± 11.0 13.1± 8.9 9.1± 7.3
T8 18 1.6± 1.6 1.3± 1.1 0.5± 0.7 0.3± 0.5 12.4± 5.7 12.2± 6.3 9.0± 6.9
T9 12 2.5± 1.8 0.8± 0.7 0.5± 0.4 0.3± 0.3 13.9± 8.5 17.6± 9.2 6.0± 7.0
T10 18 1.9± 1.6 1.6± 1.6 0.5± 0.4 0.3± 0.3 18.8± 9.8 17.3± 9.7 6.8± 7.8
T11 27 2.0± 1.6 1.6± 1.6 0.5± 0.6 0.2± 0.5 13.9± 9.1 13.7± 9.5 8.9± 6.3
T12 26 1.1± 1.6 1.8± 1.4 1.0± 1.3 0.5± 0.8 12.0± 7.9 12.7± 8.1 7.5± 6.3
L1 15 2.4± 1.1 2.2± 1.5 0.8± 1.2 0.2± 0.4 14.5± 6.6 16.0± 5.1 5.2± 2.7
L2 8 2.1± 1.5 2.2± 1.3 0.0± 0.1 0.0± 0.1 13.9± 4.1 12.3± 3.8 6.7± 4.7
L3 12 2.2± 2.6 2.1± 1.4 0.7± 1.5 0.1± 0.1 11.6± 5.6 12.7± 6.9 4.6± 5.2
L4 10 0.8± 0.8 1.6± 1.4 0.1± 0.2 0.0± 0.1 12.9± 5.7 12.7± 6.3 4.7± 4.2
L5 2 4.6± 4.8 3.2± 0.3 0.0± 0.1 0.0± 0.0 11.4± 0.6 13.9± 1.6 1.2± 0.9
4.4 Discussion and conclusion
In this study, we augmented an existing computer-assisted method for pedicle screw placement
planning (Knez et al., 2016b) that relies only on anatomical constraints (i.e. vertebral body and
pedicle anatomy, and BMD) to take into account two clinical aspects that are important for
pedicle screw placement (FS C and FS F). As a result, three different versions of the augmented
computer-assisted method (C1, C2 and C3) were evaluated against real clinical data in the form
of trajectories of actually inserted pedicle screws (R). The first important parameter is the
difference in the insertion projection ∆pip, which was obtained separately for R and for each
version among C1, C2 and C3. A significantly smaller difference (p< 0.05) in∆pip was observed
for C2 (0.57 mm) and C3 (0.28 mm) in comparison to R (1.91 mm) and C1 (1.55 mm), which
directly reflects the influence of the first clinical aspect related to the spinal curvature (FS C). The
second important parameter is the difference in the sagittal inclination ∆α, which was obtained
for R against each version among C1, C2 and C3. A significantly smaller difference (p< 0.05)
was observed for R−C3 (7.41◦) in comparison to R−C1 (13.62◦) and R−C2 (13.82◦), which
reflects the influence of the second clinical aspect related to the straight-forward screw insertion
technique (FS F). For the remaining parameters, the differences were not statistically significant
(p> 0.05), indicating that they are not strongly related to the reported clinical aspects (FS C and
FS F). Statistical analysis therefore revealed that augmentation of the existing computer-assisted
method, especially version C3 of the augmented method, resulted in a better agreement with real
clinical data, which is in accordance with clinical practice where spine surgeons mostly use the
straight-forward insertion technique and strive for the screw entry points to follow the spinal
curvature.
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Abstract
Knowledge of pedicle morphometry is valuable for a safe and reliable pedicle screw placement.
In existing studies, pedicle morphometric parameters were measured manually with digital cal-
ipers or virtual tools in computed tomography (CT) or magnetic resonance images of the spine.
Therefore, the purpose of this study was to perform and evaluate computerized pedicle morpho-
metry measurements in CT images of the thoracic spine. Preoperative CT images of 26 patients
were included in this study. Manual measurements of the pedicle width, height and chord length
were obtained in selected cross-sections of orthogonal and oblique multiplanar reconstructions
(MPRs). Computerized measurements of the pedicle width, height, length, chord length, trans-
verse angulation, sagittal angulation and cross-sectional area were obtained by an automated
method that is based on parametric modeling of vertebral structures in three dimensions (3D).
Pedicle morphometric parameters were obtained for 540 thoracic pedicles. Manual measure-
ments from orthogonal MPRs were overestimated (p < 0.001) when compared to those from
oblique MPRs and computerized measurements in 3D, with the respective mean absolute differ-
ence (MAD) of 12% and 12% for the pedicle width, and 10% and 11% for the pedicle height.
No statistically significant differences (p > 0.05) were observed between manual measurements
from oblique MPRs and computerized measurements in 3D, with MAD of 7%, 4% and 5% for
the pedicle width, height and chord length, respectively. Computerized pedicle morphometry
can provide a reliable and clinically meaningful support to spine surgeons in choosing proper
pedicle screw sizes during preoperative planning of pedicle screw placement procedures, or for
observing the dependency among pedicle morphometric parameters and demographic factors.
5.1 Introduction
Posterior anchorage of two or more adjacent vertebrae with pedicle screws and connecting
rods is nowadays the preferred surgical treatment for several spinal deformities, such as scoli-
osis, kyphosis, fractures and tumors (Cordemans et al., 2017, Davis et al., 2017, Kong et al.,
2017, Sarwahi et al., 2017). During surgery, pedicle screws are inserted into vertebral bodies
through the corresponding pedicles and afterwards posteriorly connected with rods. Although
the pedicles are, from the biomechanical aspect, the strongest part of vertebrae, they are also
the narrowest part with a highly variable morphology among vertebral levels and individu-
als. The narrow shape of the pedicles varies among vertebral levels, especially in the thoracic
spine where pedicles are narrower compared to those in the lumbar spine (Zhuang et al., 2011).
Therefore, a high accuracy of pedicle screw placement is required, especially because a pedicle
or vertebral body wall breakthrough can lead to serious nerve or viscus injuries (Kong et al.,
2017). To prevent such injuries, preoperative planning of pedicle screw placement is essential,
and is strongly related to the pedicle morphometry that helps spine surgeons to choose appropri-
ate pedicles and the corresponding screw sizes (Gstoettner et al., 2011, Simpson et al., 2016).
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Figure 5.1. Pedicle morphometric parameters, shown in orthogonal multiplanar re-
constructions: width W and height H are defined in the pedicle coronal plane at
the location of its isthmus respectively as the distances from the left-most (A) to
the right-most point (B) and from the superior-most (C) to the inferior-most point
(D) of the pedicle; length L and chord length CL are defined as the distances from
the posterior cortical entry point (E) to, respectively, the posterior longitudinal lig-
ament (F) and the anterior vertebral cortex (G); transverse angulation TA is defined
as the angle between the left-to-right plane of vertebral body symmetry and the ped-
icle axis projected onto the superior-to-inferior plane of vertebral body symmetry;
sagittal angulation SA is defined as the angle between the superior-to-inferior plane
of vertebral body symmetry and the pedicle axis projected onto the left-to-right
plane of vertebral body symmetry; cross-sectional area CSA is defined by the cross-
section of the pedicle at its isthmus.
Recent studies emphasized the importance of pedicle morphometry, especially in the case of
scoliosis, where pedicles are smaller and narrower in the concave side, and therefore the se-
lection of an appropriate pedicle screw size and insertion trajectory reduces the risk of pedicle
screw breakthrough and injuries (Davis et al., 2017, Gao et al., 2017a).
Pedicle morphometry has been so far evaluated manually by direct measurements with di-
gital calipers from cadavers (Lien et al., 2007, Morales-Avalos et al., 2014, Panjabi et al., 1997,
Parent et al., 2004, Yu et al., 2014, 2015a), which proved to be relatively inaccurate and not
useful for preoperative pedicle screw placement planning, and by indirect measurements
with dedicated virtual tools from orthogonal or oblique multiplanar reconstructions (MPRs)
in three dimensional (3D) computed tomography (CT) or magnetic resonance (MR) images
of the spine (Kang et al., 2011, Kaur et al., 2016, Kretzer et al., 2010, Kuraishi et al., 2013,
Liljenqvist et al., 2002, Peters et al., 2015, Sarwahi et al., 2014, Takeshita et al., 2009). How-
ever, vertebrae may vary in position and orientation, especially in the case of spine degenera-
tions, and therefore indirect manual measurements of pedicle morphometry cannot be uniquely
and accurately obtained. On the other hand, computerized tools based on automated image
processing and analysis methods have proved to be, also for various spine-related measure-
ments (Nault et al., 2014, Vrtovec et al., 2012), more accurate and reliable than manual ap-
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proaches, however, they have not been yet applied to pedicle morphometry. The aim of this
study is therefore to describe the concept and perform computerized measurements of pedicle
morphometric parameters, and compare them against corresponding manual measurements in
CT images of the thoracic spine.
5.2 Materials and Methods
5.2.1 CT Images
This study includes images of 26 patients (males: 13; females: 13; mean age: 17.1 years; range
12− 34 years) with thoracic spinal deformities (adolescent idiopathic scoliosis: 23; Scheuer-
mann’s kyphosis: 3) that were appointed for the pedicle screw placement surgery at Valdoltra
Orthopaedic Hospital, Ankaran, Slovenia, between 2013 and 2016, and therefore received a
preoperative CT scan (GE LightSpeed VTC scanner; pixel size: 0.25− 0.40 mm; slice thick-
ness: 0.6 mm). Confidential image information was anonymized before further manipulation,
and the study was performed according to the principles of the Declaration of Helsinki.
5.2.2 Manual Measurements
Manual measurements were performed for the pedicle width, height and chord length, which
proved to be the most crucial pedicle morphometric parameters for selecting proper pedicle
screw sizes in order to decrease the risk of pedicle and vertebral body wall breakthrough dur-
ing their placement (Gstoettner et al., 2011). Measurements were performed by computing the
distances between points (Fig. 5.2) that were manually placed by the observer in selected or-
thogonal MPRs (i.e. in sagittal, coronal and axial cross-sections of the image-based coordinate
system) for each observed CT image. However, as measurements from orthogonal MPRs can
be considerably influenced by the orientation of vertebrae in 3D, the pedicle width and height
were measured also from oblique MPRs (i.e. in sagittal, coronal and axial cross-sections of the
pedicle-based coordinate system), while the pedicle chord length was, in accordance with its
definition, measured only from oblique MPRs. A dedicated in-house computer program was
developed that guided the observer step-by-step through these measurements.
5.2.3 Computerized Measurements
Computerized measurements were performed by an automated method that is based on para-
metric modeling of vertebral bodies and pedicles in 3D (Knez et al., 2016a,b), and can be
applied to both normal and pathological cases of anatomy. Starting from parametric models
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Figure 5.2. Manual measurements of the pedicle width and height were performed
by placing points A, B, C and D (Fig. 5.1) in a selected orthogonal (shown in this
figure) and oblique multiplanar reconstruction.
in the form of elliptical cylinders, their 3D shape was, within a similarity-based optimization
procedure, deformed to best represent the corresponding vertebral structures in each observed
CT image (Fig. 5.3). Reference vertebral body and pedicle coordinate systems were then de-
termined by finding the optimal transverse and sagittal planes of anatomical symmetry within
the obtained 3D parametric models in their superior-to-inferior and left-to-right directions, re-
spectively (Fig. 5.4). As a result, all pedicle morphometric parameters were determined in the
pedicle-based coordinate system, and were obtained automatically by extracting the character-
istic points and measuring the corresponding distances (pedicle width, height, length and chord
length), angles (pedicle transverse and sagittal angulation) and area (pedicle cross-sectional
area).
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Figure 5.3. An example of parametric modeling of the observed vertebral body and
the corresponding pedicles in three dimensions, shown over oblique multiplanar
computed tomography reconstructions.
5.2.4 Statistical Analysis
To quantitatively compare manual and computerized measurements of each observed pedicle
morphometric parameter, statistical analysis was applied to obtain the variability in terms of the
mean absolute difference (MAD), corresponding standard deviation (SD) and intraclass correl-
ation coefficient (ICC). Two-tailed t tests were used to evaluate the statistical differences among
measurements (level of significance: p < 0.05).
5.3 Results
5.3.1 Pedicle Database
For the 26 observed patients, a total of 270 thoracic vertebrae between levels T1 and T12 were
identified in the CT scans, forming a database of corresponding 540 (left and right) pedicles
(Table 5.1 and Table 5.2).
5.3.2 Manual Measurements
Pedicle morphometric parameters were first obtained by manually measuring the pedicle width
and height from orthogonal MPRs, as well as the pedicle width, height and chord length from
oblique MPRs, with the results reported in Table 5.1. The range of the obtained measurements
from orthogonal and oblique MPRs was, respectively, 3.1− 15.1 mm and 2.5− 14.3 mm for the
pedicle width, and 6.1− 25.3 mm and 5.0− 26.4 mm for the pedicle height, while the range of
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Figure 5.4. Parametric models of a selected vertebral body and pedicle in three
dimensions, and the corresponding transverse and sagittal planes of symmetry that
were obtained by the automated method to perform computerized measurements of
pedicle morphometry.
the pedicle chord length measured from oblique MPRs was 20.1− 70.0 mm. For all measure-
ments, the smallest and largest values were, respectively, observed at levels T4 and T11 for the
pedicle width, and at levels T1 and T11 for the pedicle height and chord length.
5.3.3 Computerized Measurements
Computerized measurements were based on parametric modeling of vertebral bodies and ped-
icles in 3D with an estimated accuracy (MAD±SD) of, respectively, 0.39± 0.31 mm and
0.31± 0.25 mm, evaluated as the distance between each model and the corresponding sets of
manually placed anatomical points (Knez et al., 2016b). Pedicle morphometric parameters were
then obtained in 3D by automatically measuring pedicle width, height, length, chord length,
sagittal angulation, transverse angulation and cross-sectional area, with the results reported
in Table 5.1 and Table 5.2. The range of the obtained measurements was 2.2− 15.1 mm for
the pedicle width, 5.1− 24.9 mm for the pedicle height, 22.6− 69.9 mm for the pedicle chord
length, 10.5− 37.6 mm for the pedicle length, −12.9− 35.8◦ for the pedicle transverse angu-
lation, −7.6− 21.7◦ for the pedicle sagittal angulation, and 20.6− 225.3 mm2 for the pedicle
cross-sectional area. For all measurements, the smallest and largest values of pedicle width,
height and chord length were observed at the same levels as for manual measurements.
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Table 5.1. Manual (M) and computerized (C) measurements (mean± standard de-
viation) of pedicle morphometric parameters, reported separately for each thoracic
vertebral level (T1 – T12). For the pedicle width and height, manual measurements
were obtained from both orthogonal (M–orth) and oblique (M–obl) multiplanar re-
constructions (MPR), while for the pedicle chord length, they were obtained only
from oblique (M–obl) MPRs. All computerized measurements were obtained dir-
ectly in three dimensions.
Vertebral level T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12
No. of pedicles 20 38 40 44 46 48 48 52 50 52 52 50
W
id
th
(m
m
)
M–orth
8.3 7.4 6.2 5.5 5.8 6.0 6.3 6.8 7.2 8.1 9.0 9.4
(1.6) (1.3) (1.3) (1.2) (1.1) (1.1) (1.3) (1.2) (1.4) (1.2) (1.7) (1.9)
M–obl
8.0 6.9 5.7 5.1 5.3 5.5 5.8 6.2 6.5 7.4 8.5 8.7
(1.6) (1.1) (1.2) (1.0) (1.0) (1.1) (1.1) (1.1) (1.1) (1.2) (1.6) (1.8)
C
7.9 6.9 5.8 5.4 5.6 5.7 5.9 6.3 6.6 7.6 8.7 8.8
(1.4) (1.0) (1.2) (1.0) (0.9) (1.2) (1.2) (1.2) (1.1) (1.2) (1.5) (1.7)
H
ei
gh
t(
m
m
) M–orth
9.9 11.5 12.8 13.2 13.0 13.4 13.9 14.2 14.9 16.7 18.3 17.7
(2.4) (1.8) (2.0) (1.6) (2.0) (1.9) (2.4) (2.8) (2.7) (3.1) (2.6) (2.4)
M–obl
9.6 11.5 12.3 12.3 12.1 12.4 12.4 13.0 14.1 16.1 17.6 17.2
(2.4) (2.2) (1.5) (1.6) (2.0) (2.0) (2.0) (2.2) (2.6) (2.8) (2.6) (2.3)
C
9.4 11.5 12.1 12.0 11.7 12.0 12.1 12.5 13.9 15.8 17.4 16.9
(2.2) (2.1) (1.5) (1.5) (1.9) (2.1) (2.0) (2.0) (2.4) (2.8) (2.5) (2.4)
C
ho
rd
le
ng
th
(m
m
)
M–obl
30.9 33.2 33.8 33.3 35.6 38.2 40.2 41.2 43.8 44.0 44.0 43.3
(2.8) (3.6) (4.3) (4.6) (5.0) (5.5) (6.1) (6.1) (7.7) (7.3) (8.8) (8.9)
C
32.5 34.5 35.0 34.9 37.5 39.5 41.7 42.7 45.3 45.5 45.6 44.8
(3.0) (3.5) (4.7) (4.7) (4.6) (5.2) (6.2) (6.3) (8.0) (7.1) (8.6) (8.4)
5.3.4 Manual vs. Computerized Measurements
Pedicle morphometric parameters that were manually measured from orthogonal MPRs were
significantly overestimated (p < 0.01) in comparison those manually measured from oblique
MPRs (Fig. 5.5, top), with the differences in terms of MAD±SD (ICC) equal to 0.77± 0.56 mm
(0.950) for the pedicle width, and 1.31± 1.08 mm (0.891) for the pedicle height. Manual meas-
urements from orthogonal MPRs were also significantly overestimated (p < 0.01) in compar-
ison to corresponding computerized measurements in 3D (Fig. 5.5, middle), with the differences
equal to 0.74± 0.57 mm (0.888) for the pedicle width and 1.45± 1.10 mm (0.894) for the ped-
icle height. On the other hand, no statistically significant differences (p > 0.05) were observed
between manual measurements from oblique MPRs and corresponding computerized measure-
ments in 3D (Fig. 5.5, bottom), with the differences equal to 0.45± 0.35 mm (0.950) for the
pedicle width, 0.56± 0.52 mm (0.973) for the pedicle height and 1.72± 1.29 mm (0.981) for the
pedicle chord length.
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Figure 5.5. Differences ∆ of the obtained pedicle width (top), height (middle) and
chord length (bottom), displayed as the mean and corresponding 95% confidence
interval limits (± 1.96× standard deviation) between manual measurements from
orthogonal and oblique multiplanar reconstructions (MPRs) [M–orth vs. M–obl],
between manual measurements from orthogonal MPRs and computerized measure-
ments [M–orth vs. C], and between manual measurements from oblique MPRs and
computerized measurements [M–obl vs. C]. Values are reported as ratios in percent
(%) against the subtrahend.
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Table 5.2. Additional computerized (C) measurements (mean± standard deviation)
of pedicle morphometric parameters, reported separately for each thoracic vertebral
level (T1 – T12). All measurements were obtained directly in three dimensions.
Vertebral level T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12
No. of pedicles 20 38 40 44 46 48 48 52 50 52 52 50
L
(m
m
)
C
15.8 16.7 17.5 17.7 18.0 18.1 18.3 18.6 19.2 18.9 20.8 23.1
(2.1) (2.1) (2.2) (1.6) (1.6) (1.9) (2.1) (2.4) (3.5) (3.1) (4.4) (3.9)
SA (◦
) C
9.5 8.0 7.4 7.0 8.0 8.3 8.4 7.5 5.4 7.0 6.5 3.2
(6.6) (4.7) (3.4) (3.3) (2.8) (3.4) (3.7) (3.8) (3.4) (3.3) (3.3) (4.4)
TA (◦
) C
25.4 16.4 11.7 8.0 8.1 7.7 7.3 6.3 8.5 7.9 5.8 1.1
(5.7) (5.8) (5.0) (6.0) (4.7) (5.0) (5.2) (5.5) (6.1) (6.5) (8.1) (7.3)
C
SA
(m
m
2 )
C
62.8 65.2 59.3 54.6 54.1 56.7 60.1 66.8 77.9 101.7 124.1 121.0
(20.0) (18.2) (15.4) (15.2) (15.1) (18.3) (18.6) (19.1) (23.4) (26.2) (33.0) (31.6)
5.4 Discussion
The insertion of pedicle screws into adjacent vertebral bodies through the corresponding ped-
icles for the purpose of treating various spinal deformities has become a widely accepted
procedure in spine surgery. To ensure a safe screw insertion, a thorough knowledge of ped-
icle morphometry is essential (Kang et al., 2011, Liljenqvist et al., 2002), because eventual
breakthrough of the vertebral body or pedicle wall can not only decrease the screw fixation
strength (Cordemans et al., 2017), but also cause serious nerve or viscus injuries (Davis et al.,
2017, Gao et al., 2017a). The risk of breakthrough is related to the fact that pedicles are the
smallest parts of the vertebrae, however, they are at the same time also the strongest parts, as
they contribute an estimated 60% to the total screw fixation strength (Hirano et al., 1997). Pre-
operative determination of pedicle morphometric parameters for the purpose of proper screw
size selection therefore represents a valuable step towards a safer and more reliable pedicle
screw placement (Gstoettner et al., 2011). For example, it was reported that pedicle screws
with the diameter equal to 80% of the pedicle width (or even up to 115% for adolescents) can
be safely inserted into thoracic pedicles (Gstoettner et al., 2011).
Over the last two decades, several studies have emphasized the importance of pedicle morpho-
metry, moreover, recent studies stressed the importance of pedicle morphometry in the case
of scoliosis, where pedicles are smaller and have a wide variation in morphologic fea-
tures (Davis et al., 2017, Gao et al., 2017a). Parameters such as pedicle width, height and
angulations were often measured manually with digital calipers and goniometers from cada-
vers, and the obtained values were then used to analyze pedicle dimensions and characterize
the relationships against various demographics factors (Lien et al., 2007, Morales-Avalos et al.,
2014, Panjabi et al., 1997, Parent et al., 2004, Yu et al., 2014, 2015a). Manual measurements
of pedicle morphometric parameters were also performed with dedicated virtual computer tools
from CT or MR images of the spine, and then used not only for the analysis of pedicle morpho-
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metry, but also to preoperatively determine proper pedicle screw sizes (Gstoettner et al., 2011,
Kang et al., 2011, Kaur et al., 2016, Kretzer et al., 2010, Kuraishi et al., 2013, Liljenqvist et al.,
2002, Peters et al., 2015, Sarwahi et al., 2014, Simpson et al., 2016, Takeshita et al., 2009,
Zhuang et al., 2011). However, measurements that were performed from orthogonal MPRs
of CT or MR images (i.e. from sagittal, coronal and axial cross-sections of the image-based
coordinate system) are not considered to be accurate, because they do not take into account the
orientation of vertebrae that can be considerably large, especially in the presence of spinal de-
formities. Simpson et al. (2016) recently highlighted the discrepancy of pedicle morphometric
parameters measured from orthogonal and oblique MPRs that was related to the orientation of
pedicles. The authors concluded that measurements of the minimal pedicle diameter from ortho-
gonal MPRs were overestimated in comparison to measurements from oblique MPRs (i.e. from
sagittal, coronal and axial cross-sections of the pedicle-based coordinate system), and that such
overestimation increased with vertebral orientation.
In this paper, we performed manual and computerized measurements of pedicle morphometric
parameters from CT images of the thoracic spine, and the corresponding quantitative compar-
ison of the obtained measurements. Manual measurements were performed for those morpho-
metric parameters that were feasible to be extracted from selected CT reconstruction planes:
the pedicle width and height from orthogonal MPRs (i.e. in the image-based coordinate sys-
tem), and pedicle width, height and chord length from oblique MPRs (i.e. in the pedicle-based
coordinate system). Besides for the analysis of pedicle morphometry, these parameters are
also most valuable for the determination of proper pedicle screw sizes. On the other hand,
computerized measurements were always performed in 3D (i.e. in the pedicle-based coordin-
ate system) and allowed, along with the pedicle width, height and chord length, the extrac-
tion of additional morphometric parameters: the pedicle length, transverse angulation, sagittal
angulation and cross-sectional area. The obtained manual and computerized measurements,
reported in Table 5.1 and Table 5.2, are consistent with the existing studies on pedicle morpho-
metry (Gstoettner et al., 2011, Kaur et al., 2016, Peters et al., 2015, Zhuang et al., 2011).
The most crucial parameter for the determination of the pedicle screw diameter is the pedicle
width, which also provides the location of the pedicle isthmus (Simpson et al., 2016). For all
measurements, the minimal pedicle width occurred at level T4 (Table 5.2), which is in agree-
ment with the existing studies (Kang et al., 2011, Kaur et al., 2016). The comparison between
manual measurements of the pedicle width and height from orthogonal MPRs, and those from
oblique MPRs as well as computerized measurements in 3D revealed statistically significant
differences. In fact, MAD±SD of the pedicle width and height decreased, respectively, from
12± 9% and 11± 9% between manual measurements from orthogonal MPRs and computerized
measurements in 3D, to 7± 5% and 4± 4% between manual measurements from oblique MPRs
and computerized measurements in 3D (Fig. 5.5). The differences of the pedicle width and
height manually measured from orthogonal and oblique MPRs are slightly positively biased,
which is expected to a certain degree because parameters measured from orthogonal MPRs
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were overestimated. On the other hand, the differences of the pedicle width and height manu-
ally measured from orthogonal and automatically obtained from oblique MPRs are slightly
negative biased, which means that automatically obtained parameters are slightly larger than
those manually measured from oblique MPRs. Moreover, the differences of the pedicle width
and height measured manually and obtained atomatically from oblique MPRs are negligible,
which is expected because the MADs are in the rank of the mean slice thickness. The results
are therefore consistent with the findings of Simpson et al. (2016) and confirm the generally
accepted opinion that measurements from orthogonal MPRs are not accurate because they do
not take into account the orientation of vertebrae in 3D (Newton et al., 2015). On the other
hand, the differences between manual measurements from oblique MPRs and computerized
measurements in 3D were not found to be statistically significant, which additionally proves the
correctness of the choice and design of the applied automated method. It is important to note
that although differences between manual measurements from oblique MPRs and computerized
measurements in 3D were not statistically significant, they still exist but their absolute values
are approximately in the order of magnitude that corresponds to the mean pixel size for the
pedicle width and mean slice thickness for the pedicle height. For the pedicle chord length,
the comparison between manual and computerized measurements revealed that the differences
were not statistically significant, however, computerized measurements in 3D resulted on aver-
age in 5± 4% longer chord lengths (Fig. 5.5). Nevertheless, previous studies reported that an
increase/decrease of the pedicle screw length does not largely affect the pedicle screw fixation
strength when compared to an increase/decrease in the screw diameter (Kang et al., 2011).
In conclusion, we performed manual and computerized measurements of pedicle morphometric
parameters in CT images of the thoracic spine, and provided a quantitative comparison and stat-
istical analysis of the obtained results. The obtained differences between manual and computer-
ized measurements indicate that manual measurements from orthogonal MPRs are, especially
in the presence of spinal deformities, overestimated when compared to manual measurements
from oblique MPRs or to computerized measurements in 3D. The advantage of computerized
measurements is that they allow the extraction of additional pedicle morphometric paramet-
ers, and can therefore provide a reliable support to spine surgeons in choosing proper screw
sizes as well as insertion trajectories during preoperative planning of pedicle screw placement
procedures, or can be used for further studies of pedicle morphometry using a larger pedicle
database that would allow to observe the dependency among pedicle morphometric parameters
and various demographic factors.
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Abstract
Several methods for computer-assisted pedicle screw placement planning have been proposed,
however, a systematic variability analysis against manual planning has not been performed
yet. Therefore, the purpose of this study was to analyze and compare the manual and com-
puter-assisted approach to pedicle screw placement planning in terms of the inter- and intraob-
server variability. For 256 pedicle screws, preoperative pedicle screw placement plans were
determined manually in computed-tomography images by two experienced spine surgeons,
each independently performing two sets of measurements by using a dedicated software for
surgery planning. For the same 256 pedicle screws, preoperative placement plans were also ob-
tained automatically by a computer-assisted method that was based on modeling of the vertebral
structures in 3D, which were used to determine the pedicle screw size and insertion trajectory
by maximizing its fastening strength through the underlying bone mineral density. A total of
1024 manually (2 observers × 2 sets × 256 screws) and 256 automatically (1 computer-assisted
method × 256 screws) determined preoperative pedicle screw placement plans were therefore
obtained and compared in terms of the inter- and intraobserver variability. A large difference
was observed for the pedicle screw sagittal inclination that was, in terms of the mean abso-
lute difference and the corresponding standard deviation, equal to 18.3± 7.6◦ and 12.3± 6.5◦
respectively for the intraobserver variability of the second observer and for the interobserver
variability between the first observer and the computer-assisted method. The interobserver vari-
ability among the observers and the computer-assisted method is within the intraobserver vari-
ability of each observer, which indicates on the potential use of the computer-assisted approach
as a useful tool for spine surgery that can be adapted according to the preferences of the surgeon.
6.1 Introduction
Spine stabilization by pedicle screw fixation is currently the most widely performed surgical
technique in spine surgery (Cordemans et al., 2017, Kwan et al., 2017, Sarwahi et al., 2016), as
it is used for operative treatment of many spinal conditions: deformity, trauma, degenerative
pathology and tumors (Goda et al., 2016, Wei et al., 2017). Pedicle screw fixation starts by in-
serting screws through the selected pedicles, which are from the biomechanical point of view
the hardest but also the narrowest part of the vertebra, into the corresponding vertebral bodies.
Instrumented vertebral levels are then manipulated (Martino et al., 2013) to achieve an appro-
priate spinal correction in the case of deformity, and connecting rods are attached on top of
inserted screws to stabilize the implant-bone construct. However, as pedicles are the narrow-
est part of the vertebra (Hirano et al., 1997, Lee et al., 2011b)], and are in the direct vicinity of
nervous, visceral and vascular structures, pedicle screw breakthrough can lead to serious clinical
complications (Cho et al., 2014, Laudato et al., 2017). The accuracy of pedicle screw placement
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(a) (b) (c) (d)
Figure 6.1. An example of a computed tomography (CT) image of the thoracic
spine (a) and the corresponding triangular mesh models, obtained by manual
thresholding (b) and by the computer-assisted method (c). The mesh models are
the basis for both manual (red) and computer-assisted (green) preoperative pedicle
screw placement planning (d). The arrow indicates the vertebra that is further shown
in Fig. 6.2, 6.3, and 6.4.
is therefore an important aspect of spine surgery (Kwan et al., 2017), moreover, the accuracy
is not related only to the misplacement but also to the biomechanical function of the pedicle
screw, i.e. its pullout strength and toggle resistance (Gao et al., 2017a), which should be as
high as possible. Over the past decades, two types of pedicle screw placement techniques have
been established in clinical practice: the free hand and the image-guided technique. Both place-
ment techniques are used in daily clinical practice and demand from a less experienced spine
surgeon a steep learning curve (Helm et al., 2015, Kong et al., 2017, Manbachi et al., 2014,
Samdani et al., 2010). Nevertheless, image-guided navigation and robotic-assisted techniques,
which either physically guide or visualize and track surgical instruments relative to the patient
anatomy (Helm et al., 2015, Markelj et al., 2012), offer to a spine surgeon additional informa-
tion for a more accurate pedicle screw insertion (i.e. less misplacements and superior biomech-
anics) (Fujishiro et al., 2015, Qi et al., 2014, van Dijk et al., 2015). Consequently, to take full
advantage of image-guided techniques, preoperative pedicle screw placement planning should
be performed (Gstoettner et al., 2011, Kleck et al., 2016, Varghese et al., 2014). This is usually
done on preoperative computed tomography (CT) images of the spine, where a spine surgeon
studies in detail the anatomical (i.e. morphometry) and structural (i.e. bone mineral density,
BMD) properties of pedicles and corresponding vertebral bodies to determine the most appro-
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priate size (i.e. diameter and length) and insertion trajectory (i.e. entry point and inclinations)
of each pedicle screw. However, manual determination of the pedicle screw size and insertion
trajectory is a time-consuming procedure, on the other hand, computer assisted approaches have
been proposed (Daemi et al., 2015, Goerres et al., 2017, Knez et al., 2016b, Lee et al., 2012b,
Solitro and Amirouche, 2016, Wicker and Tedla, 2004) that can determine pedicle screw place-
ment plans oﬄine under the supervision of a spine surgeon.
The reliability and reproducibility of manual in comparison to computer-assisted approaches
to preoperative pedicle screw placement planning have not been thoroughly investigated yet.
Therefore, the purpose of this study is to analyze, compare and evaluate manual and com-
puter-assisted pedicle screw placement planning in preoperative CT images of degenerated
spines in terms of the intra- and interobserver variability.
6.2 Materials and Methods
6.2.1 Data
Pedicle screw placement planning was performed on preoperative thoracic spine CT images (GE
LightSpeed VTC; pixel size: 0.25− 0.38 mm; slice thickness: 0.6 mm) of 17 patients (males:
12; females 5; mean age: 17.5 years; age range: 12− 34 years) with scoliosis (15 patients) and
Scheuermann’s kyphosis (2 patients). All patients underwent CT image acquisition as part of
their preoperative deformity correction with pedicle screw and rod based posterior fusion work-
up between at Valdoltra Orthopaedic Hospital, Ankaran, Slovenia, between 2013 and 2016. All
confidential image information was anonymized, and the study was approved by the institutional
review board and performed according to the principles of the Declaration of Helsinki.
6.2.2 Observers
Manual pedicle screw placement planning was performed by two experienced spine deformity
surgeons (observer M1: J.M., observer M2: R.J.C.). each independently performing two sets
of measurements that were at least one month apart. The computer-assisted approach can be
considered as the third observer (C) with perfect reproducibility, and the corresponding meas-
urements were obtained automatically by a method based on modeling of vertebral structures
in three dimensions (3D) (Knez et al., 2016b) with an estimated accuracy of 0.39± 0.31 mm for
vertebral bodies and 0.31± 0.25 mm for the pedicles in terms of the mean absolute difference
(MAD) and standard deviation (SD).
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(a) (b) (c)
Figure 6.2. An example of the manual pedicle screw placement planning based
on (a) the three-dimensional triangular mesh model of the selected vertebra, which
is used to initialize the virtual screw entry point into the pedicle and the virtual
screw exit point from the vertebral body. In the end, virtual entry and exist points
are adjusted in the axial (b) and sagittal (c) view.
6.2.3 Manual planning
Manual preoperative pedicle screw placement planning was performed by means of a dedicated
medical software for preoperative trauma and orthopedic surgery planning (EBS, Ekliptik d.o.o.,
Ljubljana, Slovenia), which visualizes the spine anatomy in 3D and enables to manually determ-
ine the pedicle screw placement plans according to the following three steps:
1. In the first step, the observer extracted the spine anatomy from each CT image (Fig. 6.1a)
by simple thresholding of CT image intensities, which resulted in a 3D triangular mesh
model of the spine (Fig. 6.1b).
2. In the second step, the 3D spine model along with the CT image helped the observer to
manually label the vertebrae (segments T1−T12). From the labeled vertebrae and the 3D
spine model, the observer initialized each pedicle screw insertion trajectory by placing a
virtual 3D screw model into the 3D spine model and the CT image (Fig. 6.2a).
3. In the third step, the observer determined each pedicle screw final insertion trajectory
(i.e. entry point and inclinations) by moving the virtual screw entry point into the pedicle
and the virtual screw exit point from the vertebral body within the oblique cross-section,
defined by the screw insertion trajectory and the normal to the current view in 3D
(Fig. 6.2b and 6.2c). The final size of each pedicle screw (i.e. diameter and length)
was obtained by analyzing the anatomy of the observed pedicle and the corresponding
vertebral body.
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Table 6.1. Intraobserver variability within each observer (M1 and M2) for the
pedicle screw size (i.e. diameter D and length L), insertion trajectory (i.e. pedicle
crossing-point pc, sagittal inclination α and axial inclination β), and normalized
fastening strength Fn, reported as the mean absolute difference and the correspond-
ing standard deviation (in parentheses).
Spinal level T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12
No. of pedicles 4 18 14 13 16 20 20 29 29 31 32 30
D
(m
m
) ∆M1∗
0.5 0.3 0.3 0.2 0.2 0.2 0.1 0.2 0.3 0.3 0.5 0.3
(0.6) (0.3) (0.4) (0.3) (0.3) (0.3) (0.2) (0.2) (0.3) (0.4) (0.5) (0.4)
∆M2
2.0 0.9 0.4 0.5 0.4 0.6 0.7 0.8 0.8 0.9 0.6 0.7
(0.0) (0.7) (0.5) (0.4) (0.5) (0.5) (0.5) (0.5) (0.5) (0.7) (0.6) (0.5)
L
(m
m
) ∆M1∗
2.0 0.9 0.4 0.5 0.4 0.6 0.7 0.8 0.8 0.9 0.6 0.7
(0.0) (0.7) (0.5) (0.4) (0.5) (0.5) (0.5) (0.5) (0.5) (0.7) (0.6) (0.5)
∆M2
5.0 4.2 3.6 3.9 4.4 5.0 5.0 4.0 3.8 5.7 4.5 8.8
(4.1) (3.5) (2.3) (3.6) (4.8) (2.8) (4.0) (3.9) (3.4) (3.6) (4.1) (5.7)
p c
(m
m
) ∆M1∗
1.9 1.1 0.7 0.9 0.6 0.9 0.9 0.9 0.9 1.1 1.4 1.2
(1.0) (0.8) (0.6) (0.5) (0.3) (0.9) (0.8) (0.7) (0.8) (1.0) (1.3) (1.0)
∆M2
3.0 1.6 1.8 1.7 1.6 1.9 1.5 1.8 1.8 2.1 2.1 2.4
(0.2) (1.1) (1.4) (1.4) (1.5) (1.1) (1.1) (1.4) (1.4) (1.7) (1.3) (1.9)
α
(◦
) ∆M1
∗ 7.9 7.1 5.0 4.5 4.9 5.1 4.6 5.1 3.6 3.4 3.8 3.4
(3.3) (5.9) (4.2) (3.9) (3.8) (3.7) (3.4) (4.0) (3.4) (2.9) (3.3) (2.7)
∆M2
25.7 19.8 18.1 19.8 20.5 18.3 18.3 17.2 18.1 19.3 19.2 14.4
(6.3) (10.2) (8.4) (6.6) (7.6) (8.1) (6.8) (5.3) (5.3) (6.5) (8.1) (9.3)
β
(◦
)
∆M1
7.0 3.1 2.9 3.1 2.9 3.2 3.1 3.1 3.1 4.0 4.0 2.7
(5.1) (2.4) (2.8) (3.7) (1.6) (2.7) (2.5) (3.0) (2.1) (3.3) (2.9) (2.3)
∆M2
11.6 7.0 4.2 4.0 4.7 3.2 5.2 4.2 4.8 4.8 3.7 4.4
(7.1) (5.2) (4.1) (3.3) (3.2) (2.8) (4.4) (3.3) (3.0) (3.7) (3.1) (4.9)
F
n
(%
) ∆M1∗
8 8 6 10 6 6 12 6 7 5 7 8
(6) (7) (7) (5) (7) (4) (11) (4) (5) (5) (5) (9)
∆M2
27 18 9 18 14 13 15 14 13 12 10 9
(3) (16) (11) (32) (14) (8) (15) (14) (13) (10) (9) (6)
Asterisk indicates that the difference is statistically significantly smaller p < 0.05.
6.2.4 Computer-assisted planning
Computer-assisted pedicle screw placement planning was performed automatically by a method
that extracted the 3D geometric objects representing the observed vertebral bodies and the cor-
responding pedicles (Fig. 6.1c), and then determined the size and insertion trajectory of each
pedicle screw by maximizing its fastening strength (Fig. 6.1d) according to the following three
steps:
1. In the first step, each observed vertebral body was extracted by a 3D parametric model,
initially represented as an elliptical cylinder with six parameters of its pose and orientation
in 3D, and three parameters of its size. The final 3D vertebral body model was obtained
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(a) (b) (c)
Figure 6.3. An example of the computer-assisted preoperative pedicle screw place-
ment planning based on parametric models of the vertebral body (a) and the cor-
responding pedicles (b), which are used for preoperative pedicle screw placement
planning (c), shown in a three dimensional view.
by deforming the initial model with 22 additional parameters that represent specific 3D
anatomical characteristics of the vertebral body, and maximize the similarity between the
3D model and the corresponding vertebral body anatomy in the CT image (Fig. 6.3a).
2. In the second step, the final 3D vertebral body model was used to automatically obtain
the locations and orientations of the 3D parametric models of the corresponding left and
right pedicle, each initially represented as an elliptical cylinder with six parameters of its
pose and orientation in 3D, and three parameters of its size. The final 3D pedicle model
was obtained by deforming each initial model with 29 additional parameters that represent
specific 3D anatomical characteristics of the pedicle, and maximize the similarity between
the 3D model and the corresponding pedicle anatomy in the CT image (Fig. 6.3b).
3. In the third step, the final 3D vertebral body and pedicle models were used to determine
the 3D parametric model of each pedicle screw, initially represented as a circular cylinder
with six parameters of its pose and orientation in 3D, and two parameters of its size. The
final 3D pedicle screw model was obtained by maximizing the normalized screw fastening
strength (Fig. 6.3c)), which was computed from the underlying CT image intensities that
correlate with the corresponding BMD (Schreiber, 2011), as BMD was reported to be a
strong predictor for the screw fastening strength (Lehman et al., 2003).
6.2.5 Statistical analysis
For each of the 256 pedicle screws, placement planning was manually determined 1024 times
(2 observers × 2 sets × 256 screws) and automatically 256 times (1 computer-assisted method
× 256 screws). Statistical analysis using MATLAB (version 2015) was used to determine the
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(a) (b) (c)
Figure 6.4. An example of the pedicle screw placement plans obtained manually
(red) and by the computer-assisted method (green) for a selected vertebra, shown
in (a) a three dimensional view of the automatically extracted vertebral body and
the corresponding pedicles, and in (b) an axial and (c) a sagittal cross-section of the
manually extracted vertebra. The intra- and interobserver variability were obtained
for the pedicle screw diameter D, length L, crossing-point pc, sagittal inclination α
and axial inclination β
intra- and interobserver variability, reported as MAD and SD (Bland and Altman, 1999), for
each pedicle screw parameter, i.e. the diameter and length related to its size, and the pedicle
crossing-point (defined where the pedicle screw intersects with the pedicle coronal plane at
its isthmus), sagittal inclination, axial inclination and normalized fastening strength related to
its insertion trajectory (Fig. 6.4). Student’s t tests were performed to search for statistically
significant differences between the obtained values (level of significance: 0.05).
6.3 Results
6.3.1 Intraobserver variability
The intraobserver variability ∆M1 of observer M1 and ∆M2 of observer M2 between both sets
of measurements is reported in Table 6.1 for each pedicle screw parameter, and was respectively
on average equal to 0.3± 0.3 and 0.7± 0.6 mm for diameter D, 2.9± 3.1 and 5.0± 4.2 mm for
length L, 1.0± 0.9 and 1.9± 1.4 mm for pedicle crossing-point pc, 4.5± 3.8 and 18.3± 7.6◦ for
sagittal inclination α, 3.3± 2.8 and 4.6± 3.9◦ for axial inclination β, and 6± 6 and 12± 11%
for the normalized fastening strength Fn. A significantly smaller intraobserver variability
(p < 0.05) was observed for ∆M1 in the pedicle screw diameter, length, crossing-point, sagittal
inclination and normalized fastening strength. On the other hand, no statistically significant
differences (p > 0.05) were observed in the axial inclination.
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6.3.2 Interobserver variability
The interobserver variability ∆(M1-M2) between both observers, ∆(M1-C) between observer
M1 and the computer-assisted method C, and ∆(M2-C) between observer ∆M2 and the com-
puter-assisted method C is reported in Table 6.2 for each pedicle screw parameter, and
was respectively on average equal to 0.3± 0.6, 0.5± 0.5 and 0.6± 0.6 mm for diameter D,
3.7± 4.6, 3.3± 3.6 and 3.2± 4.0 mm for length L, 2.1± 3.0, 0.9± 1.0 and 1.9± 1.6 mm for ped-
icle crossing-point pc, 8.3± 7.5, 12.3± 6.5 and 7.1± 7.6◦ for sagittal inclination α, 3.2± 4.3,
5.9± 4.1 and 7.3± 5.1◦ for axial inclination β, and 9± 14, 14± 15 and 12± 14% for the nor-
malized fastening strength Fn. A significantly smaller interobserver variability (p < 0.05) was
observed for ∆(M1-M2) in the pedicle screw diameter, sagittal inclination, axial inclination and
normalized fastening strength, and for ∆(M1-C) in the pedicle crossing-point. On the other
hand, no statistically significant differences (p > 0.05) were observed in the pedicle screw
length.
6.4 Discussion
Although image-guided placement techniques have reduced the occurrence of pedicle screw
misplacement and, in general, improved the placement accuracy, placement plans obtained by
computer-assisted methods have to the best of our knowledge not yet been used intraoperatively.
Reports exist where patient specifics drill guides were manufactured based on manual preop-
erative placement plans and intraoperatively used to insert pedicle screws along these guides
defining their insertion trajectory (Kawaguchi et al., 2012, Lu et al., 2012, Tominc et al., 2014),
and where pedicle screws were inserted by means of intraoperative cone-beam CT imaging
(O-arm) coupled with a surgical navigation system (Schouten et al., 2012). However, manual
planning is a time consuming procedure, moreover, it is practically impossible to take into ac-
count all parameters that are important for pedicle screw fixation, e.g. the pedicle screw pull-out
strength and the corresponding fastening strength. On the other hand, computer-assisted pre-
operative pedicle screw planning is a relatively fast procedure, which can be performed oﬄine
without the presence of a spine surgeon while still allowing for supervision and manual adjust-
ments, i.e. the spine surgeon has to thoroughly review the resulting pedicle screw placement
plans and, eventually, modify the parameters of the computer-assisted planning or adjust the
resulting placement plans according to the surgical preferences. Moreover, computer-assisted
planning excels in its reproducibility and reliability because it is based on the optimization of
the parameters that are important for pedicle screw stability, i.e. searching for the highest pos-
sible fastening strength within the anatomical constraints of the observed vertebral body and
pedicle.
In this work, we performed a variability analysis of preoperative pedicle screw placement plan-
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Table 6.2. Interobserver variability among both observers (M1 and M2) and the
computer-assisted method (C) for the pedicle screw size (i.e. diameter D and length
L), insertion trajectory (i.e. pedicle crossing-point pc, sagittal inclination α and axial
inclination β), and normalized fastening strength Fn, reported as the mean absolute
difference and the corresponding standard deviation (in parentheses).
Spinal level T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12
No. of pedicles 4 18 14 13 16 20 20 29 29 31 32 30
D
(m
m
)
∆(M1-M2)∗
0.3 0.2 0.3 0.2 0.3 0.2 0.2 0.4 0.4 0.4 0.5 0.3
(0.5) (0.6) (0.5) (0.3) (0.5) (0.5) (0.4) (0.5) (0.6) (0.6) (0.6) (0.5)
∆(M1-C)
0.4 0.4 0.6 0.6 0.6 0.7 0.5 0.5 0.4 0.4 0.7 0.6
(0.5) (0.3) (0.5) (0.4) (0.4) (0.4) (0.4) (0.4) (0.4) (0.5) (0.5) (0.6)
∆(M2-C)
0.6 0.3 0.5 0.6 0.5 0.7 0.5 0.7 0.5 0.6 0.8 0.6
(0.5) (0.6) (0.5) (0.5) (0.5) (0.6) (0.5) (0.5) (0.5) (0.7) (0.7) (0.6)
L
(m
m
)
∆(M1-M2)
2.5 2.4 3.4 4.8 3.4 4.0 5.4 4.1 2.9 3.7 3.5 3.6
(3.5) (3.7) (3.6) (5.0) (4.4) (3.8) (4.2) (4.2) (4.3) (4.2) (4.9) (5.4)
∆(M1-C)
3.5 3.3 3.5 3.0 2.6 3.6 2.7 2.5 2.9 3.4 3.7 4.2
(2.4) (2.8) (4.2) (3.4) (2.6) (3.1) (2.6) (2.8) (4.3) (3.9) (3.9) (4.2)
∆(M2-C)
2.5 2.7 2.5 3.6 3.0 2.4 3.3 2.8 2.7 3.5 3.0 5.0
(4.4) (3.4) (3.0) (4.4) (3.9) (2.7) (3.5) (3.3) (3.2) (3.8) (4.0) (5.6)
p c
(m
m
)
∆(M1-M2)
0.8 1.1 1.4 1.1 1.2 1.1 1.6 1.2 1.4 2.0 2.4 1.4
(1.1) (1.2) (1.5) (1.4) (1.3) (1.3) (1.3) (1.4) (1.5) (2.2) (2.0) (1.7)
∆(M1-C)∗
1.4 0.8 0.8 0.7 0.5 0.7 0.7 0.9 0.9 1.1 1.2 1.2
(0.8) (0.8) (0.8) (0.5) (0.4) (0.8) (0.7) (0.7) (0.9) (1.1) (1.2) (1.1)
∆(M2-C)
1.3 1.1 1.8 1.3 1.0 1.0 1.3 1.4 1.6 1.9 2.2 1.9
(0.4) (1.0) (1.4) (1.5) (1.2) (1.1) (1.2) (1.3) (1.4) (1.6) (1.6) (1.9)
α
(◦
)
∆(M1-M2)∗
9.3 7.8 8.0 8.3 7.1 8.6 7.8 6.8 8.0 9.4 10.8 7.4
(6.6) (9.7) (7.0) (7.0) (7.1) (7.5) (7.3) (6.0) (6.3) (7.2) (8.2) (8.4)
∆(M1-C)
19.6 15.8 14.8 11.2 11.7 11.8 11.8 10.6 10.5 11.8 14.1 11.6
(5.5) (6.9) (5.8) (5.9) (6.1) (5.8) (5.2) (5.2) (6.2) (7.1) (7.4) (6.9)
∆(M2-C)
10.3 8.6 8.0 7.6 6.7 7.0 5.8 6.9 4.8 5.6 7.4 9.7
(8.6) (8.8) (6.7) (6.6) (7.0) (7.0) (6.0) (6.2) (5.5) (6.5) (8.8) (10.5)
β
(◦
)
∆(M1-M2)∗
6.1 4.4 2.6 2.9 3.0 2.2 2.7 2.7 3.5 2.9 3.9 3.1
(6.9) (5.0) (4.2) (4.7) (3.5) (3.3) (4.0) (4.0) (3.5) (4.5) (3.7) (4.8)
∆(M1-C)
5.3 6.9 4.7 5.3 5.3 5.6 5.2 6.3 5.1 6.0 6.8 6.3
(5.2) (3.5) (4.6) (3.7) (2.8) (3.2) (3.2) (3.8) (3.8) (4.4) (4.7) (5.1)
∆(M2-C)
4.5 9.9 5.2 5.8 5.9 6.4 6.2 7.3 7.7 8.0 8.4 7.4
(6.5) (6.1) (5.5) (4.4) (4.1) (4.0) (4.7) (4.1) (4.5) (4.5) (5.6) (6.4)
F
n
(%
)
∆(M1-M2)∗
13 8 15 11 14 10 8 12 8 8 9 5
(7) (16) (16) (12) (20) (13) (14) (16) (14) (11) (12) (10)
∆(M1-C)
7 10 18 19 22 26 21 16 11 9 7 8
(5) (7) (16) (19) (19) (21) (21) (17) (11) (7) (7) (9)
∆(M2-C)
17 8 13 19 13 17 15 16 9 10 10 9
(5) (13) (13) (14) (16) (16) (18) (17) (13) (10) (11) (9)
Asterisk indicates that the difference is statistically significantly smaller p < 0.05.
6 - Variability analysis of manual and computer-assisted preoperative pedicle screw placement planning 95
Figure 6.5. Intraobserver variability within each observer (M1 and M2), reported as
the mean absolute difference in axial (α, top) and sagittal (β, bottom) inclinations
for each thoracic vertebral level (T1−T12).
ning in terms of the intraobserver variability within the manual approach, performed by two
experienced spine surgeons (M1 and M2), and in terms of the interobserver variability among
manual and computer-assisted approaches, where a computer-assisted method (C) was addition-
ally used for planning. In a previous report (Knez et al., 2016c), we performed a quantitative
analysis on a single set of measurements, and observed that the differences among the manual
and the computer-assisted approach were relatively small and comparable to the differences
within the manual approach. On average, larger differences occurred only for the screw sagit-
tal inclination, which can be expected because vertebral morphometry allows, in comparison
to other screw parameters, a greater range of trajectories in the sagittal plane. Consequently,
two pedicle screw insertion techniques have been established in clinical practice, i.e. the ana-
tomical insertion technique with the screw insertion trajectory following the anatomical axis
of the corresponding pedicle, and the straight-forward insertion technique with the screw in-
sertion trajectory following the superior endplate of the corresponding vertebral body, which
allow a difference of up to 25◦ in the sagittal inclination (Lehman et al., 2003). In the present
study, the intraobserver variability in the pedicle screw size (i.e. diameter and length) and inser-
tion trajectory (i.e. pedicle crossing-point, sagittal inclination, axial inclination and normalized
fastening strength) was comparable for both observers (M1 and M2), however, the intraobserver
variability was significantly smaller (p < 0.05) for M1, except for the axial inclination, where
no statistically significant differences (p > 0.05) were observed. A higher intraobserver variab-
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Figure 6.6. Interobserver variability among both manual (M1 and M2) and
computer-assisted planning (C), reported as the mean absolute difference in axial
α (top) and sagittal β (bottom) inclinations for each thoracic vertebral level
(T1−T12).
ility of 18.3± 7.6 occurred in the sagittal inclination for M2 (Fig. 6.5), which directly reflects
different screw insertion techniques. From the performed measurements it can be observed that
M2 was in the first set of measurements more consistent with the straight-forward, while in the
second set more with the anatomical insertion technique. On the other hand, M1 was in both
sets of measurements more consistent with the straight-forward insertion technique. The in-
terobserver variability in the pedicle screw size and insertion trajectory among both observers
and the computer-assisted method (M1, M2 and C) was also comparable, however, the inter-
observer variability between M1 and M2 was significantly smaller (p < 0.05) for the screw
diameter, sagittal inclination, axial inclination and normalized fastening strength. For the ped-
icle crossing-point, a significantly smaller variability (p < 0.05) was observed between M1
and C, on the other hand, no statistically significant differences (p > 0.05) were observed for
the screw length. A higher interobserver variability again occurred for the sagittal inclination
(Fig. 6.6), and ranged from 12.3± 6.5◦ between M1 and C to 7.1± 7.6◦ between M2 and C. This
was to a certain degree expected because, as discussed above, M1 was in both sets of measure-
ments more consistent with the straight-forward insertion technique, while M2 was in the first
set more consistent with the straight-forward and in the second set more with the anatomical
insertion technique. Moreover, from the above findings we can conclude that the computer-
assisted method C is more consistent with the anatomical insertion technique.
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In conclusion, recent studies emphasized that selecting improper pedicle screw size and inser-
tion trajectory can result in screw misplacement, which can cause serious injuries, especially
in the case of scoliosis where pedicles are narrower and have a wide variation in morpho-
logical features (Davis et al., 2017, Gao et al., 2017a). Therefore, preoperative pedicle screw
placement planning is an important step towards a safe and reliable pedicle screw placement.
Although this study was performed on CT scans that are being increasingly used for preoperat-
ive surgery planning, to take full advantage of the computer-assisted planning as a tool for spine
surgery it could be also applied to intraoperative cone beam CT scans, especially because they
are frequently coupled with surgical navigation systems (Schouten et al., 2012). Nevertheless,
the performed variability analysis of the manual and computer-assisted approach to preoper-
ative pedicle screw placement planning revealed that the interobserver variability among each
observer and the computer-assisted method is within the intraobserver variability of individual
observers. Moreover, manual planning differs among spine surgeons, especially with respect to
the anatomical or straight-forward pedicle screw insertion technique, while computer-assisted
planning is by its definition more consistent with the anatomical insertion technique. If the
relatively time-consuming manual approach is to be replaced with the computer-assisted ap-
proach, the latter has to be brought closer to the requirements of clinical practice. Except for
the screw sagittal inclination, our study shows a relatively high agreement between the manual
and computer-assisted approach, nevertheless, the agreement could be increased by taking into
account additional aspects that are important in surgical practice, e.g. by forcing the screw in-
sertion trajectory to follow the straight-forward insertion technique. According to the findings
that the interobserver variability among the manual and computer-assisted approach is within
the range of the intraobserver variability of the manual approach, and by considering the perfect
reproducibility of the computer-assisted approach, we can conclude that the computer-assisted
approach to preoperative pedicle screw placement planning may be used in clinical practice and
represent a useful tool for spine surgery, which can be adapted according to specific surgical
preferences while integrating the anatomical and structural properties of pedicles and vertebral
bodies.
Acknowledgments
This work was supported by the Slovenian Research Agency (ARRS) under grants P2-0232 and
J2-7118, and by the Canada Research Chairs.

CHAPTER 7
Computer-assisted pedicle screw
trajectory planning optimized with CT
inferred bone mass density: a comparison
to surgical outcomes
DEJAN KNEZ, IMAD S. NAHLE, STEFAN PARENT, TOMAZˇ VRTOVEC AND
SAMUEL KADOURY
SUBMITTED FOR JOURNAL PUBLICATION
99
100 7 - Computer-assisted pedicle screw trajectory planning optimized with CT inferred BMD: a comparison to surgical outcomes
(a) (b) (c)
Figure 7.1. An example of the pedicle screw placement plan (in red), obtained
by the computer-assisted method from the computed tomography (CT) image, and
based on three dimensional (3D) modeling of the vertebral body (in brown) and
pedicles (in yellow), shown as a 3D overlay on a selected (a) axial, (b) sagittal and
(c) coronal cross-section of the CT image.
Abstract
Image-guided spine surgery and preoperative computer-assisted planning provide assistance to
spine surgeons towards a safer, more reliable and more accurate pedicle screw placement. How-
ever, existing computer-assisted planning methods do not integrate any structural information
of the vertebrae to improve the screw pull-out strength. In this study, we evaluate a novel
computer-assisted tool for preoperative planning of pedicle screw trajectories, optimized with
respect to bone mass density (BMD) estimated from computed tomography (CT) segmenta-
tions, against surgical outcomes. For a total of 25 patients, pedicle screw placement plans were
obtained for 119 vertebrae by a computer-assisted tool using BMD measures from preoperative
CT images, while reference postoperative trajectories of inserted pedicle screws were recon-
structed in three dimensions (3D) from biplanar EOS radiographs after surgery. A total of 204
pedicle screw locations and trajectories were reconstructed in 3D and compared to correspond-
ing placement plans, with the resulting mean absolute difference and corresponding standard
deviation of 3.4± 2.5 mm for the entry point location, 2.7± 1.6 mm for the crossing point loc-
ation, 7.4± 6.3◦ for the sagittal inclination and 9.6± 7.2◦ for the axial inclination. This con-
firms the accuracy of the tool prior to its eventual integration within an image-guidance system.
Quantitative comparison revealed that the preoperative placement plans are consistent with the
postoperative results, and that the computer-assisted tool can successfully incorporate important
clinical aspects of pedicle screw placement surgery, i.e. the screw entry points should follow the
spinal curvature to facilitate rod insertion, and screw trajectories should follow the inclination of
the superior vertebral endplates according to the straight-forward insertion technique to achieve
the highest screw pull-out strength.
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7.1 Introduction
Posterior vertebral instrumentation consisting of inserting screws through selected pedicles
into the corresponding vertebral bodies and attaching rods posteriorly on top of the inser-
ted screws (Singh et al., 2018) is currently the most widely used stabilization technique in
spine surgery (Cordemans et al., 2017, Kong et al., 2017). It is used in daily surgical prac-
tice to treat various pathologies of the spine, such as scoliosis, fractures, tumors and other
degenerations (Cordemans et al., 2017, Hou et al., 2018, Zhang et al., 2017). Due to the ped-
icles vicinity to the spinal cord, aorta and viscera, as well as the fact that they represent the
narrowest region of vertebral anatomy (Lee et al., 2011a), a pedicle or vertebral body wall
breakthrough can lead to serious injuries (Krassnig et al., 2017, Zhang et al., 2017). An im-
portant aspect of spine surgery is therefore the accuracy of pedicle screw placement, for
which two types of techniques are established in clinical practice: the free-hand and the
image-guided technique (Balling and Blattert, 2017, Cordemans et al., 2017, Fan et al., 2017,
Kong et al., 2017). Both approaches require a steep learning curve from less experienced spine
surgeons (Kong et al., 2017, Samdani et al., 2010), nevertheless, image-guided techniques offer
additional information because they can intraoperatively track and visualize surgical instru-
ments (Helm et al., 2015), and therefore assist spine surgeons to insert pedicle screws more
accurately (Balling and Blattert, 2017, Zhang et al., 2017). However, if an image-guided in-
sertion technique is used or, for example, in the case of low-density bone that reduces screw
fixation (Pearson et al., 2017, Steiner et al., 2017), pedicle screw placement plans should be
determined preoperatively (Kleck et al., 2016). Manual determination of placement plans is
a time consuming procedure and often impractical, on the other hand, computer-assisted plan-
ning methods have already been described (Daemi et al., 2015, Goerres et al., 2017, Knez et al.,
2016b, Lee et al., 2012a, Solitro and Amirouche, 2016, Wicker and Tedla, 2004). The first
computer-assisted planning method, proposed by Wicker and Telda (2004), relied solely on geo-
metrical constraints of vertebral structures, and was later complemented by introducing safety
margins in the work of Lee et al. (2012a). Daemi et al. (2015) introduced the screw fastening
strength, defined as a linear combination of the screw depth and two constants that depend on
screw properties and bone density. On the other hand, Solitro and Amirouche (2016) defined
the screw fastening strength implicitly as the average percentage of the screw thread volume
in contact with the cortical bone. In the recent work of Goerres et al. (2017), preoperative
pedicle screw placement plans were obtained from reference trajectories within an anatomical
atlas, defined manually by expert spine surgeons. The concept of the screw fastening strength
was already extended to an image-based concept that takes into account the bone mass density
(BMD) (Knez et al., 2016b), however, prior its clinical application and/or integration within an
image-guidance system, the accuracy and clinical agreement of such a planning tool for ped-
icle screw placement needs to be assessed by evaluating the resulting plans with actual surgical
results, in order to identify and eventually maximize its clinical value. The aim of this study
is therefore to retrospectively compare the postoperative outcomes of pedicle screw placement
102 7 -Computer-assisted pedicle screw trajectory planning optimized with CT inferred BMD: a comparison to surgical outcomes
(a) (b) (c)
Figure 7.2. An example of the pedicle screw placement plans (shown in red in
a selected three dimensional view), obtained by (a) the applied computer-assisted
method C1, (b) its augmented version C2 that takes into account the spinal curvature,
and (c) its augmented version C3 that takes into account the spinal curvature and the
straight-forward surgical insertion technique.
with a novel preoperative computer-assisted placement planning tool optimized on BMD maps
inferred from segmented CT images.
7.2 Materials and Methods
7.2.1 Patient Data
This study includes 25 patients (males: 9, females: 16; mean age: 13.1 years, range: 2− 18
years) who were instrumented with pedicle screws and rods at our institution, between 2006
and 2017. All patients were prescribed for spine surgery based on various indications (i.e. scoli-
osis, fracture) in the thoracic and/or lumbar region, and underwent preoperative computed
tomography (CT) image acquisition with pixel size of 0.25− 1.00mm and slice thickness of
0.51− 3.00mm (GE LightSpeed VTC and GE LightSpeed 16; GE Healthcare, Little Chalfont,
UK). Pedicle screws were successfully inserted using the free-hand technique by an experienced
spine surgeon without using any image-guidance software or preoperative planning tool. For all
patients, anteroposterior and lateral biplanar radiographs with pixel size of 0.25mm (EOS; EOS
Imaging, Paris, France) were acquired on average 10 weeks after surgery. Both CT and radio-
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(a)
(b) (c)
Figure 7.3. (a) Three-dimensional (3D) models of vertebral bodies and pedicles,
and the pedicle screw placement plans, obtained from the preoperative computed
tomography image. (b) Reconstructed 3D points of vertebral bodies and pedicles,
and the pedicle screw trajectories, manually obtained from the postoperative bi-
planar radiographs. (c) The 3D models and 3D points are brought into spatial cor-
respondence, allowing for the comparison of preoperative pedicle screw placement
plans (in red) and postoperative screw trajectories (in green).
graphic image acquisitions were performed for reasons not related to this study, nevertheless,
all confidential image information was anonymized, and the study was approved by the institu-
tional review board and performed according to the principles of the Declaration of Helsinki.
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(a) (b) (c)
Figure 7.4. Preoperative pedicle screw placement plans (in red) and the correspond-
ing postoperatively reconstructed pedicle screw trajectories (in green), shown in a
selected (a) three-dimensional, (b) sagittal and (c) axial view. Quantitative com-
parison was performed in terms of the differences in the sagittal inclination (∆α),
axial inclination (∆β), entry point location (∆pe), crossing point location (∆pc), and
insertion projection (∆pip).
7.2.2 Preoperative pedicle screw placement planning
The applied computer-assisted tool for preoperative pedicle screw placement plan-
ning (Knez et al., 2016b) is based on three-dimensional (3D) modeling of the vertebral body,
pedicles and pedicle screws from CT images (Fig. 7.1). Planning starts with the extraction of
the vertebral body and pedicles of the observed vertebra in the CT image by means of 3D para-
metric models that are initially represented in the form of elliptical cylinders, and deformed
within an optimization procedure to best represent the observed vertebral body, and the left
and the right pedicle. The obtained models are then used to initialize the diameter, length
and insertion trajectory of each pedicle screw, and the final pedicle screw placement plans are
obtained by maximizing the screw fastening strength through the underlying BMD while fol-
lowing the anatomical axis of the pedicle (Knez et al., 2016c). As BMD is a strong predictor
for the screw fastening strength (Lehman et al., 2003) and is linearly correlated with CT image
intensities (Schreiber, 2011), the screw fastening strength can be directly assessed by analyzing
CT images (Schreiber, 2011, Steiner et al., 2017).
The approach described above takes into account both anatomical and structural aspects for
pedicle screw placement, i.e. the shape of the vertebral body and pedicle, and BMD. On the
other hand, one of the important aspects in current surgical practice is that the pedicle screw
entry points, viewed across all instrumented vertebral levels of the observed patient, should
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Table 7.1. Comparison of pedicle screw placement plans (C1, C2, C3), obtained by
the computer-assisted tool from preoperative computed tomography images, and
trajectories of inserted pedicle screws (R), reconstructed from postoperative bi-
planar radiographs of the same patients, for the lumbar spine region in terms of the
mean absolute difference and corresponding standard deviation (in parentheses).
Vertebral level L1 L2 L3 L4 L5
No. of screws 15 8 12 10 2
In
se
rt
io
n
pr
oj
ec
tio
n
∆
p i
p
(m
m
)
R-R
2.40 2.14 2.21 0.83 4.58
(1.10) (1.49) (2.64) (0.79) (4.77)
C1-C1
2.24 2.22 2.07 1.56 3.18
(1.45) (1.25) (1.37) (1.38) (0.29)
C2-C2∗
0.75 0.03 0.74 0.08 0.01
(1.16) (0.06) (1.46) (0.16) (0.01)
C3-C3∗
0.17 0.03 0.06 0.04 0.00
(0.38) (0.05) (0.10) (0.05) (0.00)
E
nt
ry
po
in
t
∆
p e
(m
m
)
C1-R
3.72 5.67 3.09 3.56 9.37
(2.14) (2.89) (1.79) (2.27) (2.21)
C2-R
4.22 4.31 2.51 2.66 4.84
(2.72) (2.63) (2.54) (1.75) (2.05)
C3-R
2.58 3.18 3.55 4.00 2.63
(2.14) (1.17) (2.80) (3.10) (2.34)
C
ro
ss
in
g
po
in
t∆
p c
(m
m
)
C1-R
2.38 1.72 1.94 1.79 5.03
(0.93) (0.54) (1.23) (1.05) (1.04)
C2-R
2.38 1.85 1.96 2.03 6.09
(1.00) (0.59) (1.33) (1.29) (1.02)
C3-R
2.57 2.03 1.67 1.84 6.49
(1.09) (0.46) (1.13) (1.10) (1.02)
In
cl
in
at
io
n
∆
α
(◦
)
(s
ag
itt
al
pl
an
e) C1-R
14.52 13.85 11.64 12.91 11.38
(6.60) (4.09) (5.55) (5.68) (0.63)
C2-R
16.04 12.31 12.66 12.69 13.93
(5.10) (3.76) (6.89) (6.29) (1.60)
C3-R∗
5.17 6.66 4.59 4.74 1.21
(2.70) (4.73) (5.18) (4.24) (0.93)
In
cl
in
at
io
n
∆
β
(◦
)
(a
xi
al
pl
an
e)
C1-R
8.45 7.67 11.67 7.66 17.89
(7.93) (6.43) (7.50) (6.89) (21.11)
C2-R
7.90 9.32 13.57 7.99 15.18
(7.74) (6.15) (9.31) (2.87) (7.71)
C3-R
9.08 9.58 14.86 8.32 15.58
(6.48) (6.62) (9.00) (4.69) (7.49)
Asterisk indicates that the difference is statistically significantly smaller p < 0.05.
follow the spinal curvature (Qi et al., 2014), i.e. the perpendicular distance from each entry point
to the mid sagittal plane of the corresponding vertebra should be equal across all vertebral levels,
however, separately for the left and right side. This clinical aspect is important because once the
pedicle screws are inserted, the spine surgeon first derotates each vertebra and then attaches a
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Table 7.2. Comparison between pedicle screw placement plans (C1, C2, C3), ob-
tained by the computer-assisted tool from preoperative computed tomography im-
ages, and trajectories of inserted pedicle screws (R), reconstructed from postoperat-
ive biplanar radiographs of the same patients, for the thoracic spine region in terms
of the mean absolute difference and corresponding standard deviation (in paren-
theses).
Vertebral level T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12
No. of screws 2 6 8 10 17 13 18 12 18 27 26
In
se
rt
io
n
pr
oj
ec
tio
n
∆
p i
p
(m
m
)
R-R
1.86 1.30 1.65 2.44 1.57 2.45 1.63 2.45 1.88 2.01 1.51
(1.62) (0.65) (1.96) (1.68) (1.58) (1.99) (1.60) (1.75) (1.59) (1.55) (1.59)
C1-C1
0.12 1.17 0.59 1.21 1.15 1.85 1.32 0.80 1.59 1.62 1.75
(0.15) (1.16) (0.62) (0.85) (1.38) (1.80) (1.08) (0.73) (1.64) (1.60) (1.41)
C2-C2∗
0.06 0.52 0.43 0.70 0.60 0.67 0.51 0.49 0.49 0.47 1.03
(0.06) (0.72) (0.44) (0.63) (0.69) (0.99) (0.70) (0.38) (0.43) (0.62) (1.25)
C3-C3∗
0.05 0.15 0.26 0.41 0.32 0.49 0.32 0.26 0.28 0.23 0.52
(0.03) (0.21) (0.23) (0.30) (0.45) (0.74) (0.47) (0.25) (0.31) (0.46) (0.84)
E
nt
ry
po
in
t
∆
p e
(m
m
)
C1-R
5.34 2.30 3.09 3.72 3.10 3.66 4.22 3.52 4.03 3.04 4.57
(3.41) (2.15) (1.61) (2.24) (2.25) (2.46) (2.62) (3.67) (3.05) (3.06) (3.19)
C2-R
5.75 2.67 2.96 3.67 3.16 4.29 4.06 3.76 3.99 2.87 4.50
(2.83) (2.08) (2.14) (2.31) (2.43) (3.01) (2.85) (3.39) (3.17) (2.25) (2.67)
C3-R
3.78 1.68 2.30 5.05 2.68 4.12 3.96 4.03 3.12 3.02 4.21
(3.51) (1.31) (1.94) (2.28) (2.69) (2.91) (2.99) (3.44) (2.19) (2.33) (2.30)
C
ro
ss
in
g
po
in
t∆
p c
(m
m
)
C1-R
1.04 1.67 3.16 2.76 2.55 2.19 2.70 2.58 3.05 3.46 3.34
(0.54) (1.25) (3.10) (3.08) (1.11) (1.46) (1.31) (1.53) (1.47) (2.37) (2.60)
C2-R
0.83 2.06 3.26 2.62 2.46 2.15 2.66 2.63 2.93 3.86 3.32
(0.80) (1.32) (3.19) (3.05) (1.07) (1.57) (1.32) (1.55) (1.18) (2.37) (2.66)
C3-R
0.94 2.12 2.78 2.51 2.61 2.15 2.62 2.54 2.86 3.72 3.11
(0.65) (1.15) (1.97) (2.46) (1.11) (1.49) (1.26) (1.50) (1.13) (1.99) (2.25)
In
cl
in
at
io
n
∆
α
(◦
)
(s
ag
itt
al
pl
an
e) C1-R
28.14 14.36 11.82 13.44 11.43 13.58 12.40 13.85 18.77 13.93 12.00
(3.43) (7.00) (9.14) (7.12) (5.65) (10.98) (5.73) (8.49) (9.82) (9.09) (7.87)
C2-R
28.20 12.52 14.33 12.69 11.08 13.05 12.16 17.61 17.29 13.74 12.66
(3.30) (9.39) (8.54) (8.24) (6.27) (8.94) (6.28) (9.22) (9.71) (9.50) (8.13)
C3-R∗
2.88 12.33 8.17 4.89 10.11 9.13 9.04 5.96 6.78 8.88 7.53
(2.50) (7.49) (3.93) (3.82) (8.16) (7.28) (6.91) (7.01) (7.75) (6.33) (6.33)
In
cl
in
at
io
n
∆
β
(◦
)
(a
xi
al
pl
an
e)
C1-R
16.88 8.48 13.44 9.30 7.63 7.56 10.06 12.57 9.75 7.70 11.46
(9.22) (6.46) (6.71) (6.99) (5.53) (6.21) (7.43) (10.69) (7.41) (6.64) (10.27)
C2-R
14.87 7.74 14.58 11.00 8.00 9.06 10.13 12.20 9.25 8.47 11.08
(11.46) (6.77) (7.20) (6.89) (5.88) (6.12) (6.10) (10.47) (6.73) (6.19) (9.48)
C3-R
9.98 8.78 11.23 13.33 7.62 9.74 9.82 14.38 7.71 6.86 9.09
(13.11) (7.43) (8.52) (9.62) (5.88) (7.14) (6.34) (9.22) (5.97) (4.99) (7.74)
Asterisk indicates that the difference is statistically significantly smaller p < 0.05.
rod posteriorly on top of the inserted screws (Martino et al., 2013). In the case the entry points
do not follow the spinal curvature, it is practically impossible to attach a rod without additional
bending, which may complicate rod insertion and often compromise the biomechanical strength
of the rod. Another important aspect in current surgical practice is that the resulting pedicle
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screw pull out strength is the highest (Lehman et al., 2003) when pedicle screw trajectories
follow the inclination of the superior vertebral endplates, i.e. screws are inserted according
to the straight-forward surgical technique. Therefore to take into account these two clinical
aspects, the following versions of the computer-assisted pedicle screw placement planning were
implemented (Fig. 7.2):
- the computer-assisted approach as described above (C1);
- the computer-assisted approach with the spinal curvature constraint (C2 = C1 & SC);
- the computer-assisted approach with the spinal curvature and the straight-forward inser-
tion technique constraint (C3 = C2 & SF = C1 & SC & SF).
It must be emphasized that these versions were not designed to improve the agreement between
the pedicle screw placement plans and postoperative outcomes, but rather to observe the influ-
ence of the added constraints from the perspective of clinical practice.
7.2.3 Postoperative reconstruction of pedicle screw trajectories
Postoperative reconstruction of pedicle screw trajectories was performed using a dedicated med-
ical software (Idefx; ETS, Montre´al, Canada), which supports the reconstruction of the spine in
3D from biplanar radiographs (Fig. 7.3b). By placing points on anteroposterior and lateral radio-
graphs, the spine curve is first defined and used to reconstruct a statistical 3D spine model, with
a reported accuracy under 1.3 mm (Kadoury, 2015, Kadoury et al., 2007). The reconstructed
3D spine model is then projected onto the biplanar radiographs and, when necessary, vertebral
landmarks are manually adjusted to best represent the vertebral structures. Finally, the pedicle
screw entry and exit points are manually identified and placed on the biplanar radiographs. As
a result, the reconstructed spine and pedicle screw trajectories are represented in the form of
points in 3D (Fig. 7.3b).
7.2.4 Validation methodology
In order to compare the preoperative pedicle screw placement plans with the postoperatively
reconstructed pedicle screw trajectories of the same patient, obtained respectively from the CT
image (Fig. 7.3a) and from the biplanar radiographs (Fig. 7.3b), each placement plan had to be
brought into spatial correspondence with the corresponding reconstructed trajectory (Fig. 7.3c).
To achieve this, the 3D geometric models of vertebral bodies and pedicles (Fig. 7.3a) that were
extracted from the CT images were rigidly registered to the 3D points of vertebral bodies and
pedicles (Fig. 7.3b) that were reconstructed from biplanar radiographs by minimizing the dis-
tances from 3D points to the corresponding 3D models. As a result, the spinal anatomy together
with the preoperative placement plans and the postoperatively reconstructed pedicle screw tra-
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jectories were observed in a common spatial domain (i.e. in the same coordinate system), which
enabled the measurement of the following differences in the parameters of the pedicle screw tra-
jectory (Fig. 7.4):
1. difference in the insertion projection (∆pip) as the change in the distance between the
screw entry point and the vertebral body mid-sagittal plane from its average value for the
observed side of the spine (left or right);
2. difference in the entry point location (∆pe) as the projected distance of the actual screw
entry point onto the preoperatively planned screw trajectory (this detail, which is not taken
into account by the computer-assisted tool, is clinically relevant for spine surgeons who
usually prepare the site of entry of the pedicle screw by removing some of the underlying
bone to optimize screw insertion and screw head placement (Parker et al., 2011));
3. difference in the crossing point location (∆pc) as the distance between points where the
screw trajectories intersect with the pedicle coronal plane at its isthmus;
4. difference in the sagittal inclination (∆α) as the change in the angulation of the screw
trajectories in the sagittal plane;
5. difference in the axial inclination (∆β) as the change in the angulation of the screw tra-
jectories in the axial plane.
7.2.5 Statistical analysis
Statistical analysis was performed using MATLAB (version R2015b; MathWorks, Natick, MA,
USA) for each observed pedicle screw parameter in terms of the mean absolute difference
(MAD) and corresponding standard deviation (SD). Student’s t-tests were performed to search
for statistically significant differences between the obtained values (level of significance: 0.05).
7.3 Results
Postoperative trajectories of 204 inserted pedicle screws (47 from the lumbar and 157 from the
thoracic spine region) were reconstructed (R) from biplanar radiographs by a fellow in spine
surgery, with an estimated accuracy of 1.3± 0.4 mm, which is an acceptable level for evaluat-
ing postoperative outcomes (Kadoury et al., 2016). The corresponding pedicle screw placement
plans were then obtained from preoperative CT images by the proposed BMD-based trajectory
planning tool (C1) and its augmented versions (C2 and C3), with an estimated modeling accur-
acy of 0.39± 0.31 mm and 0.31± 0.25 mm for the vertebral bodies and pedicles, respectively.
The obtained postoperative trajectories and preoperative placement plans were finally brought
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Figure 7.5. Differences in the insertion projection (∆pip) for all preoperative ped-
icle screw placement plans (C1, C2 and C3) and for the postoperatively reconstruc-
ted pedicle screw trajectories (R), displayed as the mean and corresponding 95%
confidence interval limits (± 1.96× standard deviation).
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into a common spatial domain with an estimated registration accuracy of 1.07± 0.46 mm, en-
abling to measure and statistically analyze the differences in pedicle screw trajectory paramet-
ers. Detailed results are reported in Table 7.1 for the lumbar and Table 7.2 for the thoracic
spine region. For all vertebral levels, the difference in the screw insertion projection (∆pip)
was obtained independently for the postoperatively reconstructed trajectories and preoperat-
ive placement plans (Fig. 7.5), and was respectively for R, C1, C2 and C3 on average equal to
1.91± 1.69 mm, 1.55± 1.40 mm, 0.57± 0.84 mm and 0.28± 0.48 mm, with the difference for
C2 and C3 being significantly smaller (p < 0.05) in comparison to C1 and R. For the remaining
parameters, the differences were obtained by comparing preoperative placement plans, obtained
by each version of the computer-assisted tool, to the corresponding postoperatively reconstruc-
ted trajectories. Respectively for C1-R, C2-R and C3-R, the differences were on average equal
to 13.62± 7.84◦, 13.82± 7.97◦ and 7.41± 6.37◦ for the sagittal inclination (∆α), 9.64± 7.85◦,
9.98± 7.37◦ and 9.64± 7.22◦ for the axial inclination (∆β), 3.78± 2.76 mm, 3.66± 2.64 mm
and 3.45± 2.55 mm for the entry point location (∆pe), and 2.73± 1.91 mm, 2.77± 1.95 mm and
2.70± 1.69 mm for the crossing point location (∆pc). The difference in the sagittal inclination
was for C3-R significantly smaller (p < 0.05) in comparison to C1-R and C2-R (Fig. 7.6), on the
other hand, no statistically significant differences (p > 0.05) were observed for the remaining
parameters of the pedicle screw trajectory.
7.4 Discussion
To the best of our knowledge, previous computer-assisted methods for preoperative pedicle
screw placement planning were only based on vertebral geometry and compared to plans that
were manually defined by a surgeon, but have never been evaluated against actual postoperative
outcomes. On one hand, this is due to the difficulty of obtaining 3D information of pedicle screw
placement from postoperative data. A proper evaluation would, for example, consist of defining
placement plans in preoperative CT images, then inserting pedicle screws by following these
placement plans, and finally acquiring postoperative CT images and extracting the trajectories
of inserted screws for comparison. Besides the fact that such an approach would be ethically
inadmissible due to the ionizing radiation delivered to the patients during postoperative CT
imaging, it would, on the other hand, also not guarantee a proper validation of the preoperative
planning from the clinical perspective. In this study, we therefore extracted the trajectories of
successfully inserted pedicle screws from postoperative images that were acquired for unrelated
reasons, and quantitatively compared them to pedicle screw placement plans that were generated
by optimizing the location and orientation based on BMD maps from preoperative images,
and augmented to take into account different clinical aspects of vertebral instrumentation with
pedicle screws.
Pedicle screw trajectories, reconstructed (R) from postoperative biplanar radiographs, were
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Figure 7.6. Differences in the sagittal inclination (∆α) for each preoperative pedicle
screw placements plan (C1, C2 and C3) against the corresponding postoperatively
reconstructed pedicle screw trajectories (R), displayed as the mean and correspond-
ing 95% confidence interval limits (± 1.96× standard deviation).
compared to placement plans, defined in preoperative CT images of the same patients by the ap-
plied computer-assisted tool based on the maximization of the screw fastening strength (C1) that
was augmented to take into account two important surgical considerations (Fig. 7.2), whereby
pedicle screw entry points now follow the spinal curvature (C2) and additionally their place-
ment now simulates the straight-forward surgical insertion technique (C3). To take into account
that pedicle screw entry points follow the spinal curvature, we observed, separately for the left
and right side of the spine, the difference in the insertion projection, which is measured as the
perpendicular distance from the entry point to the corresponding vertebral body mid-sagittal
plane (Fig. 7.4c). The differences in the insertion projection (Fig. 7.5) were for C1 similar to
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those for R (p < 0.05). In contrast, the differences for C2 and C3 averaged to 0.57± 0.84 mm
and 0.28± 0.48 mm, respectively, and were significantly smaller than those for R (p < 0.05).
We can therefore conclude that pedicle screw entry points proposed by C2 and C3 follow the
spinal curvature.
In addition to the entry point, the pedicle screw trajectory is described by the screw inclina-
tions in the sagittal and axial plane. The most important is the inclination in the sagittal plane,
where the pedicle anatomy allows a difference of up to 25◦ in the trajectory (Lehman et al.,
2003). As a result, two surgical insertion techniques are established in clinical practice: the
anatomical technique, where the screw follows the anatomical axis of the pedicle, and the
straight-forward technique, where the screw follows the inclination of the superior verteb-
ral body endplate (Lehman et al., 2003). However, pedicle screws inserted with the straight-
forward technique resulted in a higher pull out strength compared to those inserted with the
anatomical technique (Lehman et al., 2003), therefore the straight-forward technique is more
commonly used in clinical practice. The latter can be also confirmed by the obtained differences
in the screw sagittal inclination, which together with the reported statistical significance reveal
that screws were actually inserted according to the straight-forward technique and that this tech-
nique was actually simulated by C3 (∆α was 7.41± 6.37◦ for C3-R). On the other hand, C1 and
C2 were more consistent with the anatomical insertion technique (Fig. 7.6), which is in accord-
ance with existing findings (Knez et al., 2016c) and the obtained results (∆α 13.62± 7.84◦ for
C1-R and 13.82± 7.97◦ for C2-R).
For the remaining parameters of the pedicle screw trajectory, the differences among C1, C2
and C3 against R were not significantly different (p > 0.05). However, in comparison to C1
the difference in the screw entry point location slightly decreased for C2 and C3, i.e. from
3.78 mm to, respectively, 3.66 mm and 3.45 mm. On the other hand, the differences in the
screw crossing point location were approximately equal for all placement plans, which was to
a certain degree expected. Namely, the crossing point is measured at pedicle isthmus, which
also defines the pedicle screw diameter (i.e. usually set to 80% of the pedicle width at its
isthmus (Gstoettner et al., 2011)), and therefore different pedicle screw trajectories are rather
rotated than translated around the crossing point.
According to the results, a higher agreement conducted with significantly smaller differences
in the parameters of pedicle screw trajectory was observed for C3-R in comparison to C1-R
or C2-R (Tables 7.1 and 7.2). Nevertheless, the differences in the screw entry point location,
crossing point location, sagittal inclination and axial inclination amounted to 3.45± 2.55 mm,
2.70± 1.69 mm, 7.41± 6.37◦ and 9.64± 7.22◦, respectively. On the other hand, differences of
1.0± 1.4 mm for the crossing point location, 3.8± 3.2◦ for the sagittal inclination and 4.2± 3.8◦
for the axial inclination were already reported between pedicle screw placement plans that
were manually defined by two spine surgeons (Knez et al., 2016c). The larger differences re-
ported in this study most probably originate from errors accumulated during the modeling,
reconstruction and spatial correspondence finding steps. Another limitation of this study is
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that all patients were operated by a single spine surgeon, and the resulting postoperative out-
comes were retrospectively compared to preoperative planning that acted as a simulation tool.
Future work should therefore include patients operated by different spine surgeons in order
to analyze the variability of the tool and potential versatility in routine practice. However,
Knez et al. (2017) reported that the interobserver variability among two spine surgeons and
the applied computer-assisted tool for pedicle screw placement planning is on average equal to
1.4± 1.3 mm, 9.7± 7.0◦ and 6.6± 4.6◦ for the crossing point location, sagittal inclination and
axial inclination, respectively. Moreover, the interobserver variability was found to be within the
intraobserver variability, which was on average equal to 1.5± 1.2 mm, 11.4± 5.7◦ and 4.0± 3.4◦
for the crossing point location, sagittal inclination and axial inclination, respectively.
In conclusion, we presented a novel computer-assisted planning tool, which automatically
generates pedicle screw trajectories from CT segmentations, and compared the results with
postoperatively reconstructed pedicle screw trajectories, confirming that the computer-assisted
tool is able to replicate actual surgical outcomes. We proposed three different versions of the
computer-assisted approach to take into account specific clinical aspects of pedicle screw place-
ment, with the purpose to observe the influence of such clinically adopted constraints in compar-
ison to clinical practice. Statistical analysis revealed that such augmentations resulted in an even
better agreement with the postoperative trajectories, moreover, the findings are in accordance
with clinical practice, where spine surgeons more commonly use the straight-forward screw in-
sertion technique and strive for screw entry points to follow the spinal curvature. In addition,
with such augmentations the generated pedicle screw placement plans address all instrumented
vertebra, and therefore the applied computer-assisted tool has a global behavior, which is bene-
ficial in comparison to the local behavior of existing methods, where only individual vertebral
levels are sequentially taken into account for each planned pedicle screw. Nevertheless, the tool
can be adapted to the specific preferences of the spine surgeon while still integrating anatomical
and structural aspects for pedicle screw placement. The next step will consist of using this tool
in a randomized study in combination with an image guidance software, and comparing the
surgical outcomes with a control group without using the automatically generated plans from
preoperative CT images.
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CHAPTER 8
Conclusion
Pedicle screw placement surgery has been the most widely used stabilization technique in spine
surgery for several decades and is nowadays usually complemented with various image-guided
navigation techniques to increase the pedicle screw placement accuracy. As pedicles are the
strongest part of a vertebra and, on the other hand, also the narrowest part, and have a wide
variation of morphological features and complex anatomical structures that surround the spine,
the knowledge on safety of pedicle screw placement is crucial for a favorable clinical out-
come. Therefore, the focus of this thesis was to design and analyze computer-assisted pedicle
screw placement methods based on computed tomography (CT) images of the spine. In the
last decade, several computer-assisted methods have been proposed, which indicates that com-
puter-assisted preoperative pedicle screw placement planning is becoming of particular interests
in the field of medical imaging. However, the proposed methods do not completely reach clin-
ical expectations, and therefore, the motivation of this thesis was to propose a computer-assisted
method that will bring pedicle screw placement planning closer to the requirements of clinical
practice.
In Chapter 2, a novel computer-assisted pedicle screw placement planning method was pro-
posed, which is based on parametric modeling of vertebral structures in three dimensions.
Modeling of vertebral structures is limited to the vertebral body and the corresponding ped-
icles, which are of interest for pedicle screw placement surgery. The parametric model of
the vertebral body was based on the superquadric approach proposed by Sˇtern et al. (2011),
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which was slightly adapted to cover more specific deformations of the thoracic vertebral bod-
ies. A completely new parametric model was proposed for the pedicle, which consists of three
shape, six pose and 29 deformation parameters. Both parametric models were initially repres-
ented in the form of an elliptical cylinder, which was deformed by adding specific anatomical
deformations to best represent the corresponding shape in the CT image. Each anatomical
deformation was represented as a scalar value that through the proposed parametric equation
deformed the parametric model. However, parametric equations of vertebral bodies and ped-
icles are extremely non-linear, and therefore the covariance matrix adaptation evolution strategy
(CMA-ES) was used to obtain optimal scalar values, which deformed parametric models to best
represent the corresponding shape in CT image. The main advantage of using the CMA-ES op-
timization technique is that it has a global search behavior and is therefore eligible for solving
extremely non-linear problems, nevertheless, population size parameter λ has to be high enough,
i.e. λ = 40n, where n is the number of optimization parameters. However, the computation time
increases with λ and therefore parametric modeling of both the vertebral body and pedicle was
accelerated on the graphics processing unit (GPU). The obtained parametric models of the ver-
tebral body and the corresponding pedicles were used to initialize the pedicle screw (i.e. size
and insertion trajectory), which was also modeled by using the superquadric approach, how-
ever, the parametric model was represented in the form of a circular cylinder without adding
any specific deformations. The initialized pedicle screws were afterwards refined by searching
for the highest normalized fastening strength F within the constraints defined by the geometry
of the corresponding pedicle and vertebral body. Again, the CMA-ES optimization technique
was used for the refining pedicle screw placement plans and parametric modeling was also
accelerated on GPU. Overall, the computation time to obtain a pedicle screw placement plan
amounted on average to 3 min, nevertheless, the proposed pedicle screw placement planning can
be performed completely oﬄine without the presence of a spine surgeon while still allowing for
some manual adjustments. However, a spine surgeon has to, in the beginning, define only the
approximate center point location of a vertebral body in CT image, while the remaining steps
are fully automated.
In Chapter 3, vertebral coordinate systems (CSs) were obtained by using presegmented paramet-
ric models of the vertebral body and pedicle proposed in Chapter 2. The vertebral body and ped-
icle CSs were obtained by observing the symmetry in the left-to-right and superior-to-inferior
direction inside the volume that encapsulated the corresponding parametric model. Again, the
CMA-ES optimization technique was used to maximize the symmetry and was also accelerated
on GPU. Vertebral coordinate systems were afterwards used to obtain pedicle morphometry
parameters and to augment the proposed computer-assisted method. The augmented version
of the computer-assisted method was proposed in Chapter 4, which takes into account some
of the important clinical aspect for pedicle screw placement planning, such as pedicle screw
entry points should follow the spinal curvature and the pedicle screw insertion trajectory should
follow the straight-forward insertion technique. These clinical aspects were taken into account
by expanding F with the spinal curvature FS C and straight-forward FS F components.
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Analysis of pedicle photometric parameters is presented in Chapter 5, where parameters were
manually measured from orthogonal and oblique multiplanar reconstructions (MPRs), and auto-
matically obtained in oblique MPRs by the computer-assisted method proposed in Chapter 3.
In the work of Simpson et al. (2016), authors reported that pedicle moprhometric paramet-
ers measured from orthogonal MPRs were statistically significantly overestimated in compar-
ison to those measured from oblique MPRs. In our study, we confirmed the same hypothesis,
moreover, with the proposed method, morphometric parameters were automatically obtained
from the parametric models of the vertebral body and pedicle proposed in Chapter 2 within the
vertebral CSs proposed in Chapter 3, and therefore provide a reliable support to spine surgeons
in choosing proper screw sizes as well as insertion trajectories during preoperative planning of
pedicle screw placement procedures, or can be used for further studies of pedicle morphometry
using a larger pedicle database that would allow to observe the dependency among pedicle
morphometric parameters and various demographic factors. Again, approximate vertebral body
centers have to be first manually defined in the CT image, while the remaining steps are fully
automated.
In the last two chapters (Chapter 6 and Chapter 7), computer-assisted placements plans were
quantitatively evaluated against manually defined and actually inserted pedicle screw place-
ments plans, respectively. With the first comparison in Chapter 6, we obtained the intraob-
server variability of the manual approach and the interobserver variability among manual and
computer-assisted approaches, and concluded that the interobserver variability among manual
and computer-assisted approaches is within the intraobserver variability of the manual ap-
proach, and that pedicle screw insertion trajectories proposed by the computer-assisted method
are more consistent with the anatomical insertion technique. In the last comparison presented
in Chapter 7, the difference between pedicle screw placement plans obtained with the com-
puter-assisted method proposed in Chapter 2 and actually inserted pedicle screws that were
manually reconstructed from biplanar radiographic images were observed. Moreover, the pro-
posed computer-assisted method was augmented in Chapter 4 to take into account some import-
ant clinical aspects, such as, pedicle screw entry points should follow the spinal curvature and
pedicle screw insertion trajectories should follow the straight-forward insertion technique, and
compared to manually reconstructed pedicle screw placement plans from biplanar radiographic
images. With such augmentation, the differences to the reconstructed pedicle screw placement
plans were statistically significantly smaller in comparison to the original computer-assisted
method, and therefore the augmented computer-assisted pedicle screw placement planning was
brought closer to the requirements of clinical practice. The next step of the computer-assisted
pedicle screw placement planning should be to evaluate the proposed method in a randomized
study in combination with an image guidance software, and compare clinical outcomes with
a control group without using the automatically obtained placement plans from CT images.
Clinical evaluation of computer-assisted pedicle screw placement planning therefore remains a
challenging task prior to be used as a tool within an image-guidance system.
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venije (ARRS). Dodatno bi se zahvalil podjetju Ekliptik d.o.o, Ortopedski bolnisˇnici Valdoltra
ter Univerzitetni bolnisˇnici Sainte-Justine, ki so prispevali k pripravi in zajemu medicinskih
slik ter rocˇnih nacˇrtov vstavitve pedikularnih vijakov, brez katerih ne bi bilo mogocˇe izdelati in
ovrednotiti vseh novih metod, predstavljenih v tej disertaciji.
Posebno zahvalo namenjam ocˇetu Vincencu, mami Klavdiji, sestri Klementini ter dekletu
Petri za njihovo neprestano podporo, spodbudo, razumevanje in potrpezˇljivost cˇez vsa ta leta.
Na koncu pa se zahvaljujem sˇe vsem, ki so v kakrsˇni koli obliki pripomogli k dosegu tega
neprecenljivega mejnika.
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